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chapter 1 
INTRODUCTION 

THE CELL NUCLEUS 
One of the most fundamental biological processes in each 
organism is the duplication of the genetic information. This 
information is encoded in the sequence of deoxyribonucleotides in 
the DNA of all prokaryotic and eukaryotic organisms and in either 
DNA or RNA in viruses. One of the differences that sets eukaryo-
tes apart from prokaryotes is that a distinct organelle, the cell 
nucleus, serves as the permanent repository of the eukaryotic 
genome that is subdivided into a species-specific number of chro­
mosomes. In a fully extended form the total length of the DNA mo­
lecules can amount up to several meters. The storage of this gi­
gantic mass of DNA in a nucleus with an average diameter of only 
10-20 urn in mammalian cells involves distinct levels of packing 
which finally results in a specific arrangement of DNA molecules 
in chromatin fibers. The duplication of the genome, that takes 
place only once in each cell cycle, requires some kind of a spa­
tial organization of these chromatin fibers in order to guarantee 
a proper untangling of the newly formed sister DNA molecules. This 
is crucial for their correct distribution over the daughter cells 
during the subsequent mitosis Evidence is accumulating on the 
structural involvement of the nuclear matrix in this process. 
CHROMATIN STRUCTURE 
On the basis of several lines of evidence R.D. Kornberg pro­
posed that chromatin is made up of repeating units called 
"nucleosomes" [1]. Each unit includes approximately 200 base pairs 
of DNA, for the most part (140 base pairs) wound around the out­
side of a histone octamer core consisting of two molecules of each 
of the histones H2A, H2B, НЭ and H4. This so-called "nucleosome 
core particle" in which the DNA forms 1 75 turns of a left-handed 
superhelix [2] has a diameter of approximately 10 nm. The remain­
der of the DNA, 40-60 base pairs, forms a "linker" between adja­
cent core particles. This basic chromatin organization that has 
been shown in electron micrographs as a beads-on-a-string confor­
mation [3,4] results in a length reduction of DNA molecules, 
Π 
expressed in a packing ratio, by approximately a factor 7. 
A second level of organization seems to be a solenoidal 
arrangement of these nucleosome strings into chromatin fibers of 
approximately 30 nm in diameter [5,6]. This results in a total 
packing ratio of DNA of about 40. Evidence has been presented on 
the involvement of a fifth histone in this level of chromatin 
organization. This histone, HI, that has been located outside of 
the core particles in association with the linker regions is 
supposed to function as a bridge between successive nucleosome 
cores 17,8]. 
The degree of condensation brought about by the arrangement 
according to this first and second organization level is still not 
sufficient to account for the tight packing of DNA molecules in 
interphase nuclei and metaphase chromosomes. It has been calcula­
ted that the length of the DNA molecule in a metaphase chromosome 
is about 1.2 χ 10* times the length of the chromosome [9]. The 
necessary additional condensation is provided for by the folding 
of chromatin fibers into loops that are attached to non-histone 
protein structures, called "nuclear matrix" [10] during interphase 
and "chromosomal scaffold" [11] during mitosis. 
THE NUCLEAR MATRIX 
Indications for the existence of a non-chromatinic structural 
network throughout the nucleus came from studies in which high 
salt concentrations (> IM) were applied for the extraction of nuc­
lear proteins [12] . The residual nuclear structure was found to be 
composed primarily of proteins and nuclear RNA [13,14]. Berezney 
and Coffey [10] introduced the term "nuclear protein matrix" for 
the structural framework that remained after extensive extraction 
of isolated rat liver nuclei with high salt (2M NaCl) and non-
ionic detergent (1% Triton X-100), and treatment with nucleases 
(DNase I and RNase A). Similar residual nuclear structures have 
been observed in a wide range of eukaryotes, including mammals 
([15-18] and many others, see [19]), sea urchins [20], Drosophila 
[21], Phyaarum [22], yeast [23] and Tetrahymena [24]. 
The typical components of an isolated matrix as revealed by 
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electron microscopy of thin sections can be seen in fig. 1. The 
electron dense peripheral layer, called nuclear lamina, is the 
most internal part of the nuclear envelope. It is interrupted by a 
varying number of pores and has a diameter of 30-40 nm in Physarum 
polycephalum [25] and 15-20 nm in mammals [26,27]. Recently the 
lamina has been shown to be made up of a two-dimensional network 
of intermediate-type filament proteins [28]. The second matrix 
component, called internal matrix, is usually described as a 
fibro-granular structure extending from the lamina to the center 
of the nucleus. The average diameter of the fibers is 25 nm 
[25,27]. Central areas of nuclear matrices are sometimes occupied 
by the more or less amorphous electron dense material of residual 
nucleoli. 
FIG, 1. Thin section electron micrograph of a nuclear matrix-DNA 
complex from bovine liver cells. Segments of randomly oriented 
internal matrix (IM) filaments are continuous with the lamina (L). 
DNA threads (•) are visible both inside the structure and in a 
zone around it. Bar, 1 um. 
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The matrix of mammalian cell nuclei has been reported to 
consist of about 90 % protein, 5 % unidentified carbohydrates and 
traces of RNA and DNA even after exhausting digestion with 
nucleases [29]. Very similar data have been obtained for Physarum 
polycephalum [22] . Reports on the protein compositions are rather 
contradictory (e.g.[29-34,18,35]) due to variations in isolation 
procedures. In general, electrophoretic patterns of matrix prepa­
rations from mammalian cells show three predominant polypeptides 
with molecular weights between 60 and 75 kilodaltons. They have 
been identified by immunochemical localization as lamina proteins 
[36-39] and therefore are designated lamins А, В and C. Until now 
there is no evidence for the assumption that several minor 
polypeptides might represent components of the filamentous inter­
nal matrix. There is also no convincing proof that actin and other 
cytoskeletal proteins, that are occasionally found in matrix 
preparations, are genuine matrix components rather then cytoplas­
mic contaminations [40,41]. 
Only few reports deal with matrix proteins of other than 
mammalian origin, like Tetrahymena [42], sea urchin [43] and 
Physarum [22]. They show very different protein compositions and 
seem to lack the typical lamins. 
Berezney and Coffey [44] were the first to show that DNA is 
attached to the nuclear matrix. Detection of the attachment is 
possible because of the stability of the DNA binding in 2 M NaCl, 
whereas chromatin proteins dissociate from the DNA at this salt 
concentration. In careful preparations of matrix-DNA complexes 
from mammalian cells it has been shown that almost the total 
nuclear DNA could remain bound [16]. As a result of the high salt 
treatment the DNA spreads out from the membrane depleted nuclei 
and forms a halo that is visible in the light microscope after 
appropriate staining ([45-47], see fig. 2A). It is considered to 
represent loops between consecutive attachment sites of the DNA 
molecules. Release of the DNA occurs only at conditions which 
destroy the nuclear matrix such as polar detergents or a combina­
tion of 5 M urea and 2 M NaCl [48,49]. It has therefore been 
suggested that polar interactions and hydrogen bonds play a major 
role in the strong binding of the DNA to the matrix. 
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FIG. 2. Fluorescence micrographs of nuclear matrix- and chromoso­
mal scaffold-DNA halo structures. Membrane-deprived mammalian cell 
nuclei (A) or isolated chromosomes (B) were treated with 2 M NaCl 
in the presence of 4 яд/ml ethidium bromide and centrifuged on 
microscopic slides. Bar, 10 um. 
THE CHROMOSOMAL SCAFFOLD 
When a mammalian cell enters mitosis the nuclear envelope is 
degraded and the lamina disassembled [38,39]. The apparently 
chaotic but in fact highly ordered mass of interphase chromatin is 
now transformed into an even more condensed form which finally 
results in characteristically shaped metaphase chromosomes. The 
molecular basis of this transformation is unknown, but experimen­
tally induced premature chromosome condensation by cell fusion 
shows clearly the involvement of cytoplasmic components [50-52]. 
Either of both sister chromatids in a chromosome is conside­
red to contain a single chromatin fiber [53]. Upon treatment of 
isolated chromosomes with either 2 M NaCl or polyanions like hepa­
rin and dextrane sulphate the dehistonized DNA molecules were 
shown to remain attached to a residual structure, called "chromo­
somal scaffold" [11]. As during interphase the DNA appears to be 
folded into loops that can be observed as part of a halo by fluo­
rescence microscopy (fig. 2B). 
The observation that both during interphase and mitosis high 
salt resistant structures seem to be involved in the organization 
of chromatin fibers has led to the suggestion of a relationship in 
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which either structure might be formed by a reorganization of 
(parts of) the other [54,55,27]. For the establishment of such a 
relationship both structures should have at least some proteins in 
common. Until now reported polypeptide compositions of both 
nuclear matrix [29-34,18,35] and chromosomal scaffold preparations 
[56-58] show little resemblance which might be due to the applica-
tion of different isolation procedures and the contamination of 
polypeptide preparations by cytoplasmic proteins. 
EUKARYOTIC DNA REPLICATION 
In eukaryotic cells each DNA molecule is replicated semicon-
servatively from multiple starting sites or "origins", located at 
the centre of separate replication units, known as "replicons" 
[59]. These replicons appear to be clustered [59,60] which means 
that members of each cluster replicate simultaneously, possibly 
during specific time periods within the DNA synthetic (S) phase of 
the cell cycle [61]. Immediately after initiation of DNA replica-
tion the process proceeds bidirectionally by the opposite movement 
of both "replication forks" [62,63]. Hardly anything is known 
about the mechanism that triggers DNA replication at the beginning 
of the S phase. From cell fusion experiments it has been suggested 
that cytoplasmic factors that accumulate during progression 
through the Gl phase might be involved [64,65]. Probably these 
factors recognize some kind of three-dimensional structure that 
results from the association of origin DNA with specific proteins. 
The major enzyme in the eukaryotic DNA replication is suppo-
sed to be DNA polymerase « (DNA polymerase I in yeast)[66]. Whe-
ther this enzyme requires an RNA primer is still a matter of dis-
cussion. Nevertheless DNA polymerase œ isolated from many diffe-
rent organisms has been shown to contain an associated primase 
activity [67]. Once initiated the synthesis proceeds in a 5 ' — ^ ' 
direction, presumably discontinuously on both parental strands 
[68,69]. The reaction intermediates reach lengths similar to those 
of DNA stretches in nucleosomes and are called "Okazaki fragments" 
[68,70]. They gradually become ligated into higher molecular 
weight intermediates that finally reach replicón lengths. Subse-
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quently newly synthesized strands of adjacent replicona can fuse 
until identical DNA daughter molecules are formed in the end 
[68,71.72]. 
ATTACHMENT OF REPLICATING DNA TO THE NUCLEAR MATRIX 
In experiments in which cellular DNA was pulse labelled for a 
short time with 3H-thymidine it was consistently found that the 
incorporated label remained preferentially associated with the 
nuclear matrix whenever matrix-DNA complexes, isolated immediately 
after the pulse, were digested with graded concentrations of DNase 
[16,73]. From these data it has been inferred that replication 
forks or regions very close to them are bound to the nuclear 
matrix. Analysis of the matrix attached DNA fragments by digestion 
with specific nucleases revealed that the binding occurs slightly 
behind the branch point [74,75]. After a chase or an extended 
labelling period the label could be more easily removed from the 
matrix, indicating that it had become displaced from the bound DNA 
bases into the loop regions. This "reeling" of replicating DNA 
molecules through nuclear matrix attachment sites in the fork 
regions has been confirmed in other studies [17,76-79]. The 
attachment of replicating DNA regions to the matrix of mammalian 
cells has also been observed in autoradiographic analyses on iso-
lated matrix-DNA halo structures. It appeared that immediately 
after a short 3H-thymidine pulse the label was almost exclusively 
present within the matrix region while it was also found in the 
surrounding DNA halo after a subsequent chase [45,78,47]. Similar 
results have been reported for Xenopus cells [80]. These data are 
corroborated by an electron microscopic analysis showing that 
matrix-attached DNA is enriched in replication forks [81]. 
This binding in the replication fork regions is apparently of 
a temporary nature since after termination of the replication the 
DNA is released from the fork binding sites. This is concluded 
from the observation that ^ H-thymidine incorporated into termina-
tion sites at the very end of the S phase in Phyaarum is more 
efficiently removed by DNase action than bulk DNA during the 
subsequent G2 phase [48,87]. 
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Since not only replicating but total DNA appears to be bound 
to this nuclear matrix structure [16), permanent attachment sites 
have to exist. Little is known of the nature of these permanent 
binding sites. From measurements of diameters of DNA halos, obtai-
ned by treatment of nuclei with 2 M NaCl, it was inferred that 
these permanent sites might represent replication origins since 
average loop lengths appeared to be close to the lengths of 
replicons. This has been found for various organisms with diffe-
rent average origin to origin distances [45,461. Interestingly, 
DNA loops between consecutive sites of attachment to chromosomal 
scaffolds also have similar lengths as replicons [11]. Evidence on 
the binding of origin regions to the nuclear matrix was recently 
obtained in studies on the position of pulse labelled replication 
origins within synchronous nuclei from Plasmodia of the slime-mold 
Physarum poJycephalum [46,82]. If this replication origin binding 
to the nuclear matrix would be a general phenomenon within 
eukaryotic cells, then it would be an important indication for the 
possible involvement of the nuclear matrix in the structural 
organization of the DNA replication and the necessary separation 
of the daughter molecules [83). 
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OUTLINE OF THE PRESENT STUDY 
The investigations described in this thesis was performed in 
order to obtain additional evidence for the presumed structural 
role of the nuclear matrix in the process of eukaryotic DNA repli­
cation and the subsequent separation of daughter genomes during 
mitosis (chapter 1). 
The isolation and analysis of the protein composition of both 
nuclear matrices and chromosomal scaffolds from cultured mammalian 
cells are described in chapter 2. In chapter 3 and 4 the attach­
ment of origins of replication to these protein structures is 
examined. Chapter 5 describes a characterization of several steps 
of the replication process in relation to the nuclear matrix in 
permeable cells. These in vitro studies are intended to reveal the 
events that can trigger DNA replication at origin sites (chapter 
6). The experiments presented in chapter 7 deal with the question 
whether DNA fractions isolated after an in vivo treatment of cells 
with 4,5',8-trimethylpsoralen are sufficiently enriched in repli­
cation origins for the use in studies on origin-specific proper— 
ties. Finally, in the last chapter (chapter Θ) a model is presen­
ted for the matrix-associated course of eukaryotic DNA replica­
tion. The putative involvement of nuclear matrix fibers in the 
distribution of duplicated DNA molecules over the daughter cells 
during mitosis is also discussed. 
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Abstract. Residual protein structures were prepared from 
isolated chromosomes and interphase nuclei of in vitro cul­
tured bovine liver cells and the protein compositions were 
analysed Chromosomes with minimal cytoplasmic contam­
ination were obtained by a simple procedure using a pH 
8 isolation medium containing Tnton X-100 and polya-
mines, and residual prolem-DNA complexes were prepared 
by extraction with 2 M NaCI Residual protein structures 
were also obtained by digesting isolated chromosomes with 
staphylococcal nuclease Protein compositions of both 
structures as obtained by SDS-polyacrylamide gel electro­
phoresis were essentially the same Residual protein struc­
tures were prepared from isolated nuclei by the same proce­
dures The major nuclear matrix proteins, ι e , the lamins 
A, B, and C, were not found in the chromosomes and chro­
mosome scaffolds On the other hand, the residual chromo­
some structures contained two major polypeptides of 37 
and 83 kilodalton relative molecular weights that were ab­
sent from the nuclear matrix preparations A few polypep­
tides with the same or very similar electrophoretic mobilities 
were found in the residual structures of both the nuclei 
and the chromosomes 
Again the DNA appears to be attached to the matrix by 
sites that are distributed along the molecule at intervals 
close to replicón lengths (Buongiorno-Nardelli et al 1982) 
Recently, evidence has been obtained that origins of repli-
cons are sites of attachment of the DNA to both the nuclear 
matrix and the chromosomal scaffold (Aelen et al 1983, 
van der Velden et al 1984) 
Because of these findings the question becomes pertinent 
whether the chromosomal scaffold is formed by a reorgani-
zation of parts of the nuclear matrix (Lebkowski and 
Laemmh 1982, Lewis and Laemmli 1982) An analysis of 
the scaffold and matrix proteins might be particularly help-
ful for the solution of this problem We therefore developed 
a procedure to obtain clean chromosomes and chromosom-
al scaffold-DNA complexes that is as similar as possible 
to the procedure for isolation of nuclear matnees used in 
our laboratory (Mitchelson et al 1979, Mullenders et al 
1982) We have also attempted to prepare nuclear matrices 
and chromosomal scaffolds by enzymatic removal of the 
chromatin loops from isolated nuclei and chromosomes, 
respectively The protein compositions of the various prepa-
rations have been analysed by sodium dodecyl sulphate 
(SDS)-gel electrophoresis 
Introduction 
Ultrastructural studies on whole-mount preparations of in-
terphase nuclei and metaphase chromosomes have shown 
that the basic structure of the chromatin is a nucleoprotcin 
fiber of 20- to 30-nm diameter (Gall 1966) A metaphase 
chromatid is considered to consist of a single chromatin 
fiber thai is repeatedly folded back onto a central core (Du-
Praw 1970) The lengths of the resulting loops as estimated 
in cross sections of fixed chromosomes are about 0 6 μπι 
and increase up to 4 μπι when the chromatin fiber is relaxed 
by chelation of the divalent cations (Marsden and Laemmh 
1979) Deproteimzation of the chromatin loops by polyan-
lons or 2 M NaCI reveals a central scaffold to which the 
DNA is attached in such a way that the lengths of the 
loops between successive attachment sites are close to the 
lengths of replicons (Paulson and Laemmh 1977) 
In interphase nuclei the nuclear matrix has been shown 
to play an important role in the structural organization 
of the DNA (Berezney and Coffey 1977, Dijkwel et al 
1979, Mitchelson et al 1979, Wanka et al 1977, 1982) 
Material and methods 
Cell culture and labelling procedure Monolayer culture of 
an established line of bovine liver cells (Pieck and Kuyper 
1961) were grown in Roux bottles m Eagle's minimal essen­
tial medium (Flow) supplemented with 2 mM glutamine, 
10% calf serum, and the antibiotics, penicillin (500 units/ 
ml) and streptomycin (0 05 mg/ml) Protein and DNA were 
labelled for 64 h by adding 2 цСі/т! L-[4,5,-JH](N)leucine 
(40 60 Ci/mmole, Amersham) and 0 015 цСі/т! 2-
[14C]thymidine (50 mCi/mmole, Amersham) to the growth 
medium 
Iwlation of mitotic cells Cells were partially synchronized 
by a 12-h block with 2 mM thymidine 0 1 μg/ml Colcemid 
was added to the culture medium 10 h after release from 
the thymidine block, and the mitotic cells were harvested 
4 h later by gentle shaking The samples consisted of 
95% 99% mitotic cells The cells were washed twice with 
25 ml per Roux bottle of phosphate-buffered saline without 
Ca 2 * and Mg 2 + (Blumcnthal et al 1979) The absorbance 
at 260 nm was measured prior to the final centnfugation 
27 
Preparation of metaphase chromosonu s All isolation steps 
were earned out at room temperature in siliconi7cd or plas 
tic equipment Two different methods were used 
(1) Isolation at pH 8 Mitotic tells corresponding to 
10 absorbance units were suspended m 2 5 ml hypotonic 
solution consisting of 50 mM Tns-HCI pH 8 25 mM KCl. 
0 15 mM spermine and 0 5 mM spermidine The cells were 
allowed to swell for 8 mm Inton X-10() was then added 
to a final concentration of 0 5%, and the chromosomes 
were released by gently forcing the suspension twite 
through a hypodermic needle ol 0 6 mm diameter The 
chromosome suspension was diluted 2 5-fold with hypo­
tonic solution and tentnfuged for 1 mm at 35 g to remove 
unbroken cells and chromosome clumps The supernatant 
was layered over a 3 5-cm-dcep cushion of 20% sutrose 
in hypotonit solution and centnfuged for 12 mm at 4500/? 
in a Sorvall IIB-4 rotor The thromosomc sediment was 
free of cytoplasmic contamination as judged by phase-con­
trast microscopy 
2) Isolation at pH 3 The original method of Salman 
and Mendelsohn (1968) was slightly modified Mitotic cells 
were first subjected to the same hypotonit treatment as 
described in the pH 8 method except that the polyammes 
were omitted from the solution The cells were then collect­
ed by tenlnfugation for 5 mm at 7(H) g and resuspended 
in pH 3 isolation buffer (0 1 M sodium-atetate, 0 1 M HCl, 
0 1 M sucrose 1 mM СаС12,1 mM MgCl2, and 0 5% Triton 
X-100) Chromosomes were released by gently forcing the 
suspension four times through a hypodermic needle of 
0 6-mm diameter The thromosome suspension was diluted 
2 5-fold with isolation buffer and tentnfuged for 1 mm at 
35 g Further treatments were as in method 1 
Anal\bis b\ lentrifugatwn through ïucrose gradient's A 4 ml 
sample each of chromosomes treated m different ways were 
layered on top ol 27-ml linear 15% 40% sucrose gradients 
m 50 mM Tns-H( 1 pH 8 with or without 2 M NaCl, pre-
pared on 5 ml 65% sucrose cushions containing 0 4 g ml 
CsCl They were centnfuged in a Betkman 27-2 rotor at 
5000 g and 20° С The gradients were fractionated starting 
from the bottom of the lubes and the radioactive samples 
were protessed as described elsewhere (Wanka 1974) except 
that in the precipitation step with trichloroacetic acid both 
salmon sperm DNA and bovine serum albumin were in­
cluded as carrier at final concentrations of 0 2 and 0 4 mg 
ml respectively The acid-precipitablc material was redis-
solved by heating for 15 mm in 1 M NaOH at 80° С 
Isolation of residual chromosome ¡truiturei Chromosomes 
obtained from an initial cell sample corresponding to 10 
absorbante units were suspended in 2 ml 20 mM Tris 
buffer pH 8, containing 0 1 mM CaCI2 and digested for 
20 mm at 0° С with 50 units/ml staphylotottal nutlease 
The reaction was terminated by adding ethylenediamme-
tetraacetale (EDTA) at a final tontcntration of 5 mM The 
sample was diluted IS-fold with 20 mM Tris buffer, pH 
8, and centnfuged for 30 mm at 27000/» The sediment was 
resuspended in 30 ml 10 mM Tns buffer, pH 8 containing 
0 2 mM EDTA and stored overnight at 4° С The material 
was then collected by tenlnfugation for 30 min al 27000g, 
washed with 96% ethanol, and stored at -20° С In some 
experiments the matenal was exlratled with 2 M NaCl be­
fore storing 
To prepare residual protein-DNA complexes chromo­
somes obtained from an initial tell sample corresponding 
to 10 absorbance units were suspended in 3 ml Tris buffer 
and mixed with 3 ml 4 M Na( I and the absorbance of the 
lysate at 260 nm was measured after 30 mm at room tem­
perature The protein DNA complexes were collected by 
centnfugation for 30min at 27000 g, washed twice with 
2 M NaCl in 50 mM Tris buffer, pll 8 once with plain 
buffer and once with 96% ethanol The final sediment was 
stored at -20° С 
Preparation oj nuclear matrue·, All handlings were at room 
temperature Monolayer cultures were rinsed twice with 
0 9% NaCl and briefly with Tnton-Tns (0 1% Triton X-100 
in 5 mM Tris buffer pH 8) Cells of one Roux bottle were 
shaken off the glass surface with 20 ml Tnlon-Tns and col­
lected by centnlugation for 2 mm at 400 g The sediment 
was resuspended in 5 ml Triton Tris and the tells were 
broken by whirling thoroughlv on a Vortex mixer A 15 ml 
sample of Triton Tris was added and the nuclei were col­
lected by centnfugation for 3 mm at 450ff The sediment 
was washed once with 30 ml Tnton-Tns and onte with 
5 mM Tris buffer, pH 8 The cytoplasmic proteins present 
in the supcrnatanls of the first and second centnfugation 
were combined precipitated by adding two volumes оГ96% 
elhanol and stored at —20° С The final nutlear prepara­
tion was free of cytoplasmic contamination as judged by 
phase contrast microscopy 
The nuclei were carefully suspended in 30 ml 50 mM 
Tris buflcr, pH 8 and mixed with an equal volume of 4 M 
NaCl in the same buffer The absorbante at 260 nm was 
measured and the nutlear lysate was then centnfuged in 
siliconized tubes for 20 mm at 16000? The sediment con­
sisting of the nutlear matnx-DNA tomplexes was washed 
twite with 2 M NaC 1 in 50 mM Tris buffer, pH 8, once 
with plain buffer solution, once with 96% ethanol and 
stored at - 20° С 
Pohacnlamide gel eleitrophoresib The alcohol-washed 
preparations were dned in the air and dissolved in Laemm-
li s sample buffer supplemented with 6 M urea (Laemmli 
1970) The quantity of protein applied per slot refers to 
1 and 2 absorbance units at 260 nm of the thromosomal 
and nuclear lysate respectively Slab gel cletlrophoresis was 
carried out in the presence of SDS atcording to Laemmli 
(1970) using a linear gradient of 6% 18% Polyacrylamide 
I he gels were stained with Coomassie blue Relative molec­
ular weights were determined in 10% gels attording to 
Weber and Osborn (1969) 
Fluoresccnee microscope Chromosomes in hypotonic solu­
tion were stained by adding an equal volume of elhidium 
bromide (40 pg ml), and fluorescence micrographs were 
taken with a Zeiss photomicroscope III 
Results 
Chromosomal proteins 
II has already been shown that chromosomes isolated ac­
cording to Wray and Stubblefield (1970) are seriously con 
laminated by cytoplasmic proteins (Lewis and Laemmli 
1982, Okada and Comings 1980) We have also observed 
a strong contamination of chromosomes isolated by this 
method from our tells (data not shown) Very similar results 
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Fig. I. Gel electrophoresis of pH 3 chromosomal and residual proteins. Chromosomes were isolated at pH 3 and residual protein-DNA 
complexes were prepared by extraction with 2 M NaCI. Marker proteins (m) and their kilodalton molecular weight are: 95. a-gelatine; 
68, bovine scrum albumin; 45, ovalbumin, and 29, carboanhydrase. a Cytoplasmic proteins; b chromosomal proteins; с residual chromo­
somal proteins 
Fig, 3, Gel electrophoresis of pH 8 chromosomal and residual proteins. Chromosomes were isolated at pH 8 and residual protein-DNA 
complexes were prepared by extraction with 2 M NaCI. a Cytoplasmic proteins; b chromosomal proteins; с residual chromosomal 
proteins The chromosome samples used for b and с were of equal size. Numbers on the right arc estimated molecular weights in 
kilodalton. Positions of marker proteins, including actin (A) are indicated on the left 
Fig. 4. Effect of phcnylmethylsulphonyl fluoride {PMSF) on the protein composition of isolated chromosomes. Chromosomes were 
isolated at pH 8 in the presence (b) or absence (a) of 1 mM PMSF and the protein compositions were analysed by gel electrophoresis 
were obtained with chromosomes isolated at pH 3 (Salzman 
and Mendelsohn 1968). The elcctrophoretic pattern in Fig­
ure 1 shows that, except for the histones, most of the major 
proteins of the chromosomes had strong counterparts in 
the cytoplasmic proteins (lanes a and b). These proteins 
remained associated with the residual protein structure 
which was obtained from the chromosomes by treatment 
with 2 M NaCI (lane c). 
To avoid cytoplasmic contamination as far as possible 
we adapted a method that was previously used with good 
results for the isolation of nuclei (Mullenders et al. 1982). 
Necessary changes were, in addition to the hypotonic treat­
ment, an increase of the Triton X-100 concentration to 
0.5% in order to dissolve the cell membrane more effi­
ciently. Also, for the stabilization of the chromosome struc­
ture. polyamines had to be added to the isolation solutions 
(Blumenthal et al. 1979). The morphology of chromosomes 
isolated in this way is shown in Figure 2. Omission of poly­
amines resulted in stickiness and deformation. Treatment 
of the isolated chromosomes with 2 M NaCI caused a rapid 
spreading and fading of the fluorescence, indicating the dis-
Fig. 2. Fluorescence micrograph of chromosomes isolated at pH 
8. Chromosomes were isolated at pH 8 and stained with cthidium 
bromide. Bar represents 1 pm 
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Fig. 5. Gel electrophoresis of proteins of residual chromosome structures obtained by different treatments. Chromosomes were isolated 
at pH 8 and divided into three equal parts. Residual chromosome structures were prepared by extraction with 2 M NaCl (a), digestion 
with staphylococcal nuclease (b), and digestion with staphylococcal nuclease followed by extraction with 2 M NaCl (c). Numbers on 
the left arc estimated molecular weights in kilodalton 
Fig. 8. Gel electrophoresis of nuclear matrix proteins obtained by different treatments. Isolated nuclei were divided into three equal 
parts. One was extracted with 2 M NaCl (a), one was digested with staphylococcal nuclease (b). and one was. in addition to the 
nuclease digestion, treated with 2 M NaCl (c). LA. LB. and LC' are the lamins 
Fig. 9. Comparison of proteins of the residual chromosome and nuclear structure. Chromosomes and nuclei were isolated at pH 8 
and extracted with 2 M NaCl. a Residual nuclear proteins; b residual chromosomal proteins. Аггон-s indicated polypeptides with the 
same electrophoretic mobilities (71, 53. and 47 kilodalton) 
sociation of the chromatin and uncoiling of the DNA. Elec­
tron micrographs showed a similar scaffold-DNA complex 
as reported by Paulson and Laemmli (1977). 
The protein composition of the pH 8 chromosomes is 
presented in Figure 3. The electrophoretic pattern shows 
the predominant histones and a number of nonhistone poly­
peptides that clearly differ from those of the cytoplasm 
in their electrophoretic mobilities (lanes a and b). The cyto­
plasmic sample also contains the proteins of Triton-soluble 
cytoplasmic and nuclear membranes. Prominent cytoplas­
mic proteins were detected in chromosomes in trace 
amounts only as, for example, a minor band with the same 
mobility as actin. 
Phenylmethylsulphonyl fluoride (PMSF) is usually in­
cluded in isolation media to inhibit proteolytic degration 
(Lewis and Laemmli 1982; Okada and Comings 1980). We 
found no effect of the inhibitor on the recovery of chromo­
somal proteins. When chromosomes were isolated with or 
without PMSF from samples of equal size, the electropho­
retic protein patterns were essentially the same (Fig. 4). 
Since it had been found that nuclei and nuclear matrices 
isolated in the presence of PMSF were seriously contamina­
ted by cytoplasmic proteins (Pieck et al. unpublished), we 
omitted the inhibitor in our further studies. 
Extraction of chromosomes with 2 M NaCl removed 
a large part of the proteins, including the histones and two 
major nonhistone proteins of high molecular weights. In 
the residual structure polypeptides of 37, 47, 53, 64, 71, 
and 83 kilodalton relative molecular weights were con­
sistently found (Fig. 3, lane c, see also Figs. 5, 9). There 
was essentially no loss of these proteins by the salt extrac­
tion as indicated by the strengths of the bands in chromo­
somes and the residual structures. The possibility that the 
37- and 53-kilodalton polypeptides are tropomyosin and 
vimentin is excluded by the absence of respective counter­
parts in the cytoplasmic proteins. Significantly, a 55-kilo-
dalton cytoplasmic polypeptide had the same electrophoret­
ic mobility as vimentin (result not shown). From the stain­
ing patterns we estimate that the residual polypeptides re­
present between 10%-20% of the chromosomal proteins. 
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Fig 6A, В. Release of the DNA by proteolytic digestion of the 
chromosomal protein DNA complex Chromosomes isolated at pH 
8 from cells labelled with ["'C]-thymidine and [Ml] leucine were 
suspended in Tns buffer at a final conccntrahon equivalent lo 
0 1 absorbancc units at 260 nm per ml NaCl solution was added 
to a final concentration of 2 M and part of the lysale was digested 
for 30 mm with 50 μg ml proleinase К at 45° С Samples were 
centnfuged through 2 M NaCl containing sucrose gradients for 
16 h at 50OO g A Chromosomes treated with 2 M NaCl В С hro-
mosomes treated with 2 M NaCl and digested with proteinase 
Sedimentation direction was from right to left 
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Fig 7A, B. Fffect of 2 M NaCl on the residual protein structure 
of chromosomes Chromosomes labelled and isolated as in Figure 6 
were resuspended in Ins buffer at a final concentration equivalent 
to 0 I absorbancc units at 260 nm per ml and digested for 30 mm 
with 50 units/ml staphylococcal nuclease at 0° С NaCl solution 
was added to one part of the digest at a final concentration of 
2 M The control sample (A) was centnfuged through a sucrose 
gradient without NaCl The saline-treated sample (B) was centn­
fuged through a sucrose gradient containing 2 M NaCl Centnfuga-
tion (from right to left) was for I h at 5000g 
In preliminary ultrastructural studies the residual structure 
appeared essentially similar to the scaffold-DNA complex 
reported by Paulson and Laemmli (1977) 
Previous reports on protein compositions of chromo­
somal scaffolds are rather contradictory (Adolph et al 
1977, Hadlaczky el al 1981, Lewis and Laemmli 1982) 
These studies do not exclude the possibility that contamina­
tion with cytoplasmic proteins occasioned by inappropriate 
isolation procedures may be a major cause for differences 
in polypeptide patterns Another possibility is that chromo­
somal proteins may aggregate artificially at the chromo­
some center due to the 2 M NaCl treatment (Okada and 
Comings 1980) 
In an attempt to exclude preparation artefacts by treat­
ment with 2 M NaCl we removed the chromatin loops from 
the central scaffold by digestion with staphylococcal nucle­
ase The protein composition of the residual structure is 
shown in Figure 5 lane b It is identical to that of the pro-
lein-DNA complex obtained by the salt treatment (lane a), 
except for a slightly increased presence of hislones, in par­
ticular of H2a and H2b For obvious reasons the histone 
contents vary slightly depending on the extent of digestion 
(results not shown) Treatment of nuclease-digested chro­
mosomes with 2 M NaCl gave essentially the same results 
as the salt extraction of undigested chromosomes (Fig 5, 
lanes a and c) Recently, Earnshaw and Laemmli (1983) 
found a strong predominance of histones in chromosomal 
scaffolds obtained by digestion with staphylococcal nucle­
ase In our experience this is due to the failure to separate 
the scaffolds from aggregrates of nucleosomes which occur 
when extensive digestion is carried out in the presence of 
high Ca 2 + concentrations or otherwise inappropriate con­
ditions 
Enzymatic characterization of the chromosomal organization 
The majority of the data on the structural organization 
of the chromosomes and chromosomal scaffolds have been 
obtained by electron microscopy of appropriately pre-
treated chromosome-samples (Paulson and Laemmli 1977, 
Marsden and laemmli 1979, Okada and Comings 1980, 
Earnshaw and Laemmli 1983) We have analysed such sam­
ples by specific enzyme digestions and centnfugation 
through sucrose gradients 
When untreated chromosomes labelled with [3H]-leu-
cine and [14C]-thymidine were analysed, about 90% of the 
protein label and 95% of the DNA label sedimented to 
the bottom of the gradient (results not shown) After treat­
ment with 2 M NaCl about 50% of the protein label was 
found on the top of the gradient (Tig 6A) This fraction 
represents essentially histones, which dissociate from the 
DNA at the high salt concentration The residual protein-
DNA complex sedimented to the bottom of the gradient 
(more than 1300 S) From the label distribution of several 
expenments it was inferred to contain between 30%-50% 
of the chromosomal protein and highly variable amounts 
of DNA, in some cases up to 80% Similar variations of 
DNA amounts have been found in matnx-DNA complexes 
and are ascribed to unavoidable breaking by shear and en-
donucleolytic activities during the isolation (Wanka et al 
1977) When saline-treated samples were extensively di­
gested with proteinase prior to centnfugation, the protein 
label became largely acid soluble and the released DNA 
was recovered further up in the gradient (Fig 6B) This 
corroborates the concept of a salt-rcsistant protein structure 
to which the chromosomal DNA is attached (Paulson and 
Laemmli 1977, Marsden and Laemmli 1979) 
It has been suggested that the scaffold structure ob­
served in the electron microscope may be produced artifi­
cially by the salme treatment (Okada and Comings 1980) 
To avoid such artefacts we have digested chromosomes with 
staphylococcal nuclease and centnfuged the digest through 
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a sucrose gradient As shown by the DNA label distribution 
in Figure 7A, more than 97% of the chromatin was de­
graded into slowly sedimenting fragments Nevertheless 
35% of the leucine label was still associated with the rapidly 
sedimenting protein structure In repeated experiments the 
residual structure again contained between 30%-50% of 
the chromosomal protein label A small fraction of this 
label was released together with the residual DNA when 
the digest was brought to a NaCl concentration of 2 M 
рпог to the centnfugation (Fig 7B) We ascribe this to 
the dissociation of a limited amount of nucleosomes, which 
stick to the residual chromosome structure after the nucle­
ase digestion The difference in the percentages of residual 
protein estimated from the gradient centnfugations and 
from the electrophoretic patterns are likely to be due to 
differences in leucine content and stainabihty of the pro­
teins 
We would like to emphasize that the nucleolytic diges­
tion has to be carried out at low temperature and low Ca2 + 
concentrations At 37° С and 1 mM CaCI2 the degraded 
chromatin formed an aggregate, which could not be sepa­
rated from the residual scaffold by centnfugation Subse­
quent treatment with 2 M NaCl, however, gave always the 
same results as shown in Figure 7 В 
Comparison of the proteins of the chromosomal scaffolds 
and nuclear matrix 
The general procedure to prepare nuclear matnees from 
isolated nuclei involves the removal of chromatin proteins 
by treatment with 2 M NaCl A typical protein composition 
of such preparations is shown in Figure 8 lane a (see also 
Bcre7ney and Colley 1977, Mullenders et al 1982, Wanka 
et al 1982) The most prominent polypeptides are the three 
components of the lamina indicated by LA, LB and LC 
(Gerace and Blobel 1980) The lamms have been further 
identified by their mobilities and iso-electnc points in two-
dimensional electrophoresis (results not shown) 
Removal of the chromatin from the isolated nuclei by 
digestion with staphylococcal nuclease yielded a residual 
structure that looked much alike the nuclear matrix in the 
phase-contrast microscope Its protein composition was 
similar to that of the matnx-DNA complexes obtained by 
salt treatment, except for a slightly higher hislone content 
owing to incomplete degradation of the chromatin Part 
of the residual histones were removed by a subsequent salt 
treatment (Fig 8, lanes b and c) This indicates that the 
protein composition of nuclear matnees obtained by 2 M 
NaCl treatment is not significantly aflecled by artificial pro­
tein aggregation 
In view of the role which the nuclear matrix and chro­
mosomal scaffolds are supposed to play in the organization 
of the DNA throughout the cell cycle (Wanka el al 1982) 
we have compared the protein composition of the two salt-
resistant structures by co-clcctrophorcsis In agreement with 
the finding that the lamina is depolymenzed during mitosis 
(Gerace and Blobel 1980), lamins were absent from the 
residual chromosome structure except for a polypeptide co-
migrating with lamm С (Fig 9 lane b) On the other hand, 
the strong 37- and 83-kilodalton scaffold polypeptides were 
found in the matnx in trace amounts only Three less promi­
nent polypeptides with 47, 53, and 71 kilodalton relative 
molecular weights were consistently found in the residual 
chromosome structure as well as the nuclear matrix Minor 
amounts of the four nuclear core histones remained asso­
ciated with the residual chromosomal and nuclear struc­
tures prepared by digestion with staphylococcal nuclease 
They obviously onginate from incomplete removal of the 
chromatin After a 2 M NaCl treatment usually only two 
polypeptides with electrophoretic mobilities of H3 and H4 
were present in significant amounts No efforts were made 
io find out whether they were the two histones or matrix-
associated, high mobility group proteins (Reeves and 
Chang 1983) 
Discussion 
Chromosomal protein compositions appear to be strongly 
dependent on the isolation conditions (Eamshaw and 
Laemmli 1983, Hadlaczky et al 1981, Okada and Comings 
1980) There are strong indications that chromosome prepa­
rations are senously contaminated by cytoplasmic proteins, 
which can be removed by centnfugation through Percoli 
gradients (Lewis and Lacmmh 1982) Our results show that 
chromosomes isolated by conventional methods contain 
Urge amounts of polypeptides with the same relative molec­
ular weights as some major proteins of the cytoplasm It 
is very likely that most of them represent cytoplasmic pro­
teins that, owing to the absence of a permeation barrier 
in mitosis, artificially adhere to the chromosomes during 
the isolation Such contamination remains largely asso­
ciated with the residual chromosomal structure when the 
chromatin is dissociated by 2 M NaCl 
Chromosomes devoid of practically all of the cytoplas­
mic contaminations can be obtained by a rather simple 
procedure at pH 8 with 0 5% Triton X-100 as detergent 
Although some loss of chromosomal proteins by this meth­
od cannot be excluded, the well-conserved morphology of 
the chromosomes indicates that they still possess all the 
proteins essential to maintain their structural organization 
Histones and a few additional proteins are removed from 
the chromosomes together with the DNA by digestion with 
staphylococcal nuclease as shown by electrophoresis Inter­
estingly the same proteins can also be removed by treat­
ment with 2 M NaCl, while the major part of the DNA 
remains associated with the residual protein structure 
From these findings we conclude that the residual structure 
is related to the chromosome scaffold described by others 
in ullrastructural studies (Paulson and Laemmli 1977, 
Adolph 1977, Marsden and Laemmli 1979, Earnshaw and 
Laemmli 1983) 
Though there is little doubt about the existence of some 
skeletal structure that is responsible for the discrete chro­
mosome morphology and the linear arrangement of the 
genome along the chromatids, views on the nature of this 
structure are not unanimous While Laemmli and co­
workers suggest a central protein core to which chromatin 
loops are attached by sites separated from each other by 
a distance of about replicón length (Marsden and Laemmli 
1979, Paulson and I aemmli 1977), others favor a central 
structure whose continuity is based more or less on DNA 
(Mullingerand Johnson 1979, Hadlaczky et al 1981) Our 
results from degradation experiments with nucleolytic and 
proteolytic enzymes support the existence of a central pro-
tein core 
Estimated lengths of DNA loops suggest that there is, 
on the average, one binding site per replicón in scaffold-
DNA complexes (Marsden and Laemmli 1979, Paulson and 
32 
Ldemmli 1977), as well as in nuclear malnx-DNA com 
plexes (Wanka et al 1977, Buongiorno-Nardelli é t a l 
1982) More recently, specific labelling experiments and nu 
cleotide sequence analyses have revealed that origins of rep-
licons are putative sites of binding to the nuclear matrix 
(Aeleneta l 1983, Goldberg et al 1983) and to the chromo-
some scaffold as well (van der Velden é ta l 1984) There-
fore, the possibility has to be considered that the chromo-
somal scafTold is formed by a rearrangement of part of 
the nuclear matrix (Lebkowski and Lacmmli 1982, Lewis 
and Laemmli 1982) Such a rearrangement is strongly sup-
ported by ultrastructural studies on the matrix during the 
closed mitosis of Phvsarum (Bekers et al 1981) 
The obvious consequence of the transformation of ele-
ments of the nuclear matrix into a chromosomal scaffold 
is that both structures should share some proteins in com-
mon In this context the finding of similarities between the 
electrophorctic patterns of matrix and scaffold proteins are 
of particular interest I here are, first of all, the three poly-
peptides with the same electrophorelic mobilities of 47, 53, 
and 71 kilodalton relative molecular weights It must also 
be taken into account that the transformation of the nuclear 
matrix into a chromosomal scaffold may involve protein 
modifications resulting in minor changes of electrophorelic 
mobilities This may be the case with some o( the polypep-
tides in the 64- to 68-kilodalton range f-urther studies on 
the identity and DNA binding properties of these proteins 
are now under way We would like to mention that none 
of the 64-kilodalton scaffold polypeptides is identical to 
lamín С We conclude this from a preliminary immunologi­
cal analysis that showed no reaction of any scaffold protein 
with antiserum against lamina proteins of chicken erythro­
cytes (anti-I serum. Stick and Hausen 1980) 
Not all proteins present in the residual protein structure 
need to be pari of the chromosomal scaffold itself Recently, 
Earnshaw el al (1984) reported on a 77-kilodallon scaffold-
associated polypeptide which is recognised by kinetochore-
specific antiscra from scleroderma crest patients Taking 
mio account the variability of the estimations ol molecular 
weights in different gel systems it seems possible that the 
83 kilodalton polypeptide reported by us is identificai to 
this residual kinetochore protein 
Lewis and Laemmli (1982) using a differem isolation 
procedure have found only two major [35S]-labclled pro­
teins in chromosomal scaffolds, with relative molecular 
weights of 170 (SCI ) and 135 (SC2) kilodalton Recent data 
by Earnshaw et al (1984) who used the same isolation pro­
cedure show, however, several additional polypeptides in 
the lower molecular weight range in Coomassie blue stained 
gels The apparent absence of SCI and SC2 from our resid­
ual structure should be due to the omission of the pretreat­
ment of the chromosomes with divalent cations Treatment 
with C u 2 *, C a 2 * or H g 2 ' has been found to be necessary 
lo obtain SCI- and SC2-containing scaffolds (Lewis and 
Laemmli 1982) To some extent differences in electrophorel­
ic patterns of scaffold proteins may also be caused by some 
of the treatments involved in the isolation and purification 
of the chromosomes For example, a 38-kilodalton protein, 
which may correspond to the 37-kilodallon polypeptide, 
has been shown to be removed from the chromosomes dur­
ing purification through Percoli gradients (Paulson 1982) 
AcknoHledgement'i The immunological study on the 64-kilodalton 
protein was kindly carried out by Dr Reimer Stick, Max-Planck 
Institut fur hnlwicklungsbiologic Tubingen FRG We aregratelul 
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References 
Adolph KW, Cheng SM Laemmli UK (1977) Role of nonhistone 
proteins in inetaphase chromosome structure Cell 12 805-816 
Aelen JMA, Opstellen RJG Wanka F (1983) Organization of 
DNA replication in Physarum polycephalum Atlachmenl of 
origins ofreplicons and replication forks to the nuclear matrix 
Nucleic Acids Res 11 1181-1195 
Bekers AGM, Gij/en HJ, Taalman RDFM, Wanka F (1981) Ultra-
structure of the nuclear matrix from Physarum polycephalum 
during the mitotic cycle J Ultraslruct Res 75 352 362 
Berezncy R, Coffey DS (1977) Nuclear matrix Isolation and char-
acten/ation of a framework structure from rat liver nuclei J 
Cell Biol 73 616-637 
Blumenthal AB Dieden JD, Kapp I N Sedal JW (1979) Rapid 
isolation of mclaphase chromosomes containing high molecular 
weight DNA J Cell Biol 81 255 259 
Buongiorno-Nardelh M, Micheli G Cam Μ Г, Marilley M (1982) 
A relationship between replicón size and supcrcoiled loop do-
mains in the eucaryolic genome Nature 298 10O 102 
Dijkwel PA Mullenders LHF Wanka F (1979) Analysis of the 
attachment of replicating DNA to the nuclear matrix in mam 
mahan interphase nuclei Nucleic Acids Res 6 219-230 
DuPraw FJ (1970) DNA and chromosomes Holt, Rinehart and 
Winston Ine New York 
Larnshaw WC Laemmli UK (1983) Architecture of mctaphase 
chromosomes and chromosome scaffolds J Cell Biol 96 84 93 
Farnshaw WC, Halligan N Cooke С Rothfield N (1984) The 
kmclochorc is part of the mclaphase chromosome scaflold J 
Cell Biol 98 352-357 
Gall JG (1966) Chromosome fibers studied by a spreading tech­
nique Chromosoma 20 221 233 
Gerace LA, Blobel G (1980) The nuclear envelope lamina is rcversi-
bly depolymcn/ed during mitosis Cell 19 277-287 
Goldberg GI Collier I, Casscl A (1983) Specific DNA sequences 
associated with the nuclear matrix in synchronized mouse 3T3 
cells Proc Natl Acad Sci USA 80 6887 6891 
Iladlaczky G Sumner AT, Ross A (1981) Protem-dcplclcd chro­
mosomes I Structure of the isolated protein-depleted chromo­
somes Chromosoma 81 537 555 
Laemmli UK (1970) Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4 Nature 227 680-685 
Lebkowski JS, laemmli UK (1982) I videncc for two levels of 
DNA folding in hislonc-dcpelelcd HcLa interphase nuclei J 
Mol Biol 156 309-324 
Lewis С D, Laemmli UK (1982) Higher order metaphase chromo­
some structure Lvidcnce for metalloprolein interactions Cell 
29 171 181 
Marsden MPF, Laemmli UK (1979) Mclaphase chromosome 
structure Evidence for a radial loop model Celli? 849 858 
Mitchelson KR, Bekers AGM Wanka I (1979) Isolation of a 
residual protein structure from nuclei of the myxomycete Phy­
sarum polycephalum J Cell Sci 39 247 256 
Mullenders LHF, Fygcnstcyn J, Brocn A, Wanka F (1982) Compo­
sition and DNA binding properties of the nuclear malnx pro­
teins I rom mammalian cell nuclei Biochim Biophys Acta 
698 70-77 
Mullinger AM, Johnson RT(1979) I he organization of supcrcoiled 
DNA from human chromosomes J Cell Sci 38 369-389 
Okada TA Comings DF (1980) A search for protein cores in chro­
mosomes Is the scafTold an artefact9 Am J Hum Gen 
32 814-832 
Paulson JR (1982) Isolation of chromosome clusters from meta-
phase-arreslcd HcLa cells Chromosoma 85 571-581 
Paulson JR, Laemmli UK (1977) Ihe structure ofhislone-deplcted 
chromosomes Cell 12 817-828 
Pieck ACM, Kuypcr CMA (1961) Establishment of an epithelial 
33 
cell strain from calf liver in continuous culture Expcncnlia 
17 115 
Reeves R Chang D (1983) Investigations or the possible functions 
for gl)Cosyldtion in the high mobility group proteins J Biol 
Chem 258 678-687 
Sal/man NP, Mendelsohn J (1968) Isolation and fractionation of 
meiaphase chromosomes Methods Cell Physiol 1 277 292 
Slick R, Hausen Ρ (1980) Immunological analysis of nuclear lamina 
proteins Chromosoma 80 219-216 
Van der Velden HMW, van Willigen G. Wetzcls RHW, Wanka 
F (1984) Attachment of origins of replication to the nuclear 
matrix and the chromosomal scaffold FbBS Lett 171 13-16 
Wanka F (1974) Decreased DNA synthesis in mammalian cells 
after exposure to deoxyadenosine bxp Cell Res 85 409 414 
Wanka F Mullenders LHF, Bekers AGM, Penmngs LJ, Aclcn 
JMA, Cygensteyn J (1977) Association of nuclear DNA with 
a rapidly scdimenting structure Biochem Biophys Res Com­
mun 74 739 747 
Wanka F, Pieck ACM, Bekers AGM, Mullenders LHF (1982) 
The attachment of replicating DNA to the nuclear matrix In 
G Maul (ed) The nuclear envelope and the nuclear matrix 
Alan R Liss Ine NY pp 199-211 
Weber K, Osborn H (1969) I he reliability of molecular weight 
determinations by sodium dodccyl sulphate-polyacrylamide gel 
electrophoresis J Biol Chem 244 4406 4412 
Wray W, Stubblefield F- (1970) A new method for the rapid isola­
tion of chromosomes, mitotic apparatus, or nuclei from mam­
malian fibroblasts at neutral pll bxp Cell Res 59 469-478 
Received July 7, 1984 in revised form September 7, 1984 
Accepted by W Hennig 


chapter 3 
ATTACHMENT OF ORIGINS OF REPLICATION TO THE 
NUCLEAR MATRIX AND THE CHROMOSOMAL SCAFFOLD 
Huub M.W. van der Velden, Gijsbert van Willigen, Ria H.W. Wetzeis 
and Friedrich Wanka 
Chapter 3 was published in FEBS Letters (1984) 
vol. 171, page 13-16 

Volume 171, number 1 FEBS 1478 June 1984 
Attachment of origins of replication to the nuclear matrix and 
the chromosomal scaffold 
Huub M W van der Velden, Gijsbert van Willigen, Ria H W Wetzeis and Friedrich Wanka 
Laboratory of Chemical Cytology, University of Nijmegen, Toernooiveld, 6525 ED Nijmegen, The Netherlands 
Received 4 April 1984 
We have investigated the attachment of DNA to the nuclear matrix and chromosomal scaffold in 
synchronized bovine liver cells Label incorporaled at the onset of the S phase remained preferentially 
associated with the matrix during the subsequent G, phase and with a residual protein structure from 
dehistonized chromosomes during mitosis On the other hand label incorporated during mid or late S phase 
was about equally distributed over the DNA molecule after a chase into the G ι phase These results suggest 
that DNA is attached to the nuclear matrix and chromosome scaffolds by the origins of replication 
Replication origin Nuclear matrix Chromosomal scaffold Mammalian cell 
1 INTRODUCTION 
Considerable progress has been made m the 
understanding of eukaryotic DNA replication 
since it has been shown that the nuclear matrix 
plays a significant role in the structural organiza­
tion of DNA, replication forks being preferentially 
associated with it [1-4) However, studies on the 
regulation of DNA synthesis are seriously 
hampered by our ignorance of the origins of 
replication Recently evidence was obtained in­
dicating that in nuclei of the slime mold Physarum 
polycephalum origins of rephcons are preferential­
ly attached to the nuclear matrix during the entire 
interphase [5] This could explain why average 
lengths of DNA loops emanating from nuclear 
matrix preparations are close to replicón lengths 
[6,7] As similar loop lengths have been found bet-
ween attachment sites of DNA to chromosomal 
scaffolds it seems reasonable to suppose that the 
latter are formed by a partial rearrangement of the 
nuclear matrix [8,9] 
In support of this we show here that in mam-
malian cells label incorporated in replication 
origins at the onset of the S phase is associated 
with DNA sites that are bound to the nuclear 
matrix during d phase as well as to the 
chromosome scaffold during mitosis 
2. MATERIALS AND METHODS 
2 1 Cell synchronization and labelling 
Monolayers of bovine liver cells were grown as 
in [Э] Cells were synchronized by a double 
blockade with 2 mM thymidine [10] of 20 h each 
DNA was randomly pre-labelled with 0 25 ¿¡Ci/ml 
[2-l4C)dThd (52 8 mCi/mmol, NEN) during the 
15 h interval between thymidine blocks Cells were 
pulse labelled for 3 h with 20/iCi/ml [Me-JH]-
dThd (20 Ci/mmol, NEN) in the presence of 
250μ%/τη\ FdUrd and 10/ig/ml Urd 
2 2 Preparation of nuclear and chromosomal 
lysates 
Membrane-deprived nuclei were prepared in 
50 mM Tris buffer (pH 8) containing 0 1% Triton 
X-100 as in [2] After the addition of an equal 
volume of 4 M NaCl, nuclear lysis was allowed to 
proceed at room temperature for 15 mm 
For chromosome preparations mitotic cells, ac­
cumulated by a 4 h block with 0 1 mg/1 colcemid, 
were detached from the glass surface by gentle 
Published by Eisevier Science Publishers В У 
0014579Э/84/$Э 00 © 1984 Federalion of European Biochemical Societies 
39 
Volume 171, number 1 FbBS LETTERS June 1984 
shaking Chromosomes were released by 
hypotonic treatment at pH 8 and 0 5% Triton 
X-100 in the presence of spermine and spermidine 
[11] To obtain high salt-resistant scaffold-DNA 
complexes chromosomes were lysed in the same 
way as for nuclei 
2 3 Enzymatic DNA digestion and sucrose 
gradient analysis 
Lysates of nuclei or chromosomes were in­
cubated with various concentrations of DNase I 
(Sigma, electrophoretically pure) in the presence of 
7 5 mM MgCb for 30 mm at 37 or 0°C, respective­
ly Enzyme treatments were terminated by adding 
EDTA at a final concentration of 10 mM Subse­
quently rapidly sedimenting protein-DNA com­
plexes were separated from the released DNA by 
centrifugaron through sucrose gradients [5] in a 
Beekman 27-2 rotor for 1 h at 25000 rpm and 
20°C All gradients were fractionated starting 
from the bottom of the tubes Fractions were pro­
cessed and radioactivities determined as in [12] 
3 RESULTS 
Fig 1 Synchronous growth after double thymidine 
block Cells were grown and synchronized on coverslips 
in petri dishes At the indicated times starting with the 
release from the second block (f = 0) samples of 2 
coverslips each were labelled for 10 mm in growth 
medium containing 5 /iCi/ml ['HldThd Label 
incorporation was determined as in [12) and average 
data are presented as Ή incorporated per '4C bulk 
DNA First (O, · ) and second S phase ( x , +) from 4 
independent experiments, mitotic index (A) In one 
experiment the mitotic index was determined after 
exposure to 250 μ%/πΛ FdUrd and 10/ig/ml Urd from 
19 to 22 h after release (Δ) 
We studied the position of replication origins 
with respect to the nuclear matrix by selectively 
labelling them at the onset of the S phase and 
analysing the label distribution in nuclear lysates 
by graded DNase digestion bor this purpose in 
vitro cultured bovine liver cells were synchronized 
by two successive thymidine blocks Fig 1 shows 
that the first free-running S phase starts at about 
19 h after release from the second block At this 
point Ή labelled thymidine was added together 
with FdUrd to a final concentration of 250 ¿ig/ml 
to reduce the rate of DNA synthesis and enhance 
label incorporation At the end of a 3 h pulse the 
reduced chain growth was checked by preparing 
nuclear lysates and detaching the DNA from the 
matrix by incubation with graded concentrations 
of DNase I Fig 2 shows that the 3H/I4C ratio in-
creases as less DNA remains attached to the rapid-
ly sedimenting nuclear matrix This means that the 
matrix-attached DNA regions are enriched in new-
ly replicated DNA The enrichment was about the 
same as found previously after a 20 mm pulse, in-
dicating a limited length of the 3H-labelled DNA 
regions [3] 
To determine whether the pulse-labelled DNA 
regions remained attached to the nuclear matrix in 
the Gi phase, a simultaneously labelled culture was 
chased for 20 h and the DNA attachment was then 
analysed similarly In fig ЗА the relative 3H/ 1 4C 
ratios of the matrix-bound DNA corresponding to 
fractions 1-3 in fig 2 are plotted as a function of 
the residual amount of bulk DNA remaining at the 
matrix after DNase treatment The inverse rela­
tionship between the 3H/1 4C ratio and the amount 
of attached DNA indicates that the short-pulse-
labelled DNA regions that include those replica­
tion origins that are initiated at the beginning of 
the S phase remain associated with the nuclear 
matrix during the d phase 
In a similar experiment pulse label was incor­
porated in the mid S phase from t = 26 to 29 h and 
subsequently chased until the Gi phase At this 
time label should be incorporated at random into 
replicón sites Analysis showed that the pulse-
labelled DNA regions were indeed randomly 
distributed over the DNA loops as can be inferred 
from the finding that the relative 3H/I4C ratio re-
mained close to 1 when the amount of residual 
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Fig 2 Matrix attachment of replicative DNA during 
early S phase Pre labelled cells, grown m a Carrel flask, 
were pulse labelled at the beginning of the S phase A 
nuclear lysate was prepared and divided into 3 portions 
DNase I was added to final concentrations of 0 (A), 4 (B) 
and 8 units/ml (C) After incubation the samples were 
analysed by sucrose gradient centnfugation Direction 
of sedimentation is from right to left The numbers in 
each panel represent the ratios of the percentages of Ή 
and "C dpm in the matrix associated DNA 
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Fig 3 Association of replication origins with the nuclear 
matrix and chromosomal scaffolds (A) Prc-labelled 
cells were pulse labelled at the beginning (O, · ) or 
middle of the S phase (Δ) and chased until 42 h after 
release from the block (see fig 1) Nuclear lysates were 
analysed by graded digestion with DNase I (O-IOO 
units/ml) and sucrose gradient centnfugation Relative 
'H/^C ratios are plotted as a function of the residual 
amount of DNA attached to the matrix (B) Pre labelled 
cells were pulse labelled at the beginning of the S phase 
and chased until mitosis Mitotic cells were collected and 
the label distribution was analysed as in A X and + are 
from independent experiments 
DNA in the rapidly sedimenting matrix-DNA 
complex was reduced by DNase digestion (fig ЗА) 
Essentially the same result was obtained when the 
pulse label was given late in the first S phase, ι e , 
8 h after release from the thymidine block (see 
fig 1), and analysed after a chase until the subse 
quent Gi phase (not shown) 
To determine whether origins of replicons are 
also attached to the chromosomal scaffolds we 
isolated chromosomes from mitotic cells of a syn 
chromzed culture, pulse labelled at the onset of the 
first free-running S phase Scaffold-DNA com 
plexes have been shown to sediment rapidly 
through sucrose gradients [9] Therefore scaffold 
bound DNA and DNA released by graded DNase 
digestion were separated in the same way as shown 
in fig 1 The results of such analyses are summar­
ized in fig 3B The 3H/1 4C ratio was again found 
to increase very markedly in the residual DNA 
when its amount decreased This indicates that 
origins of replicons are attached to the chromo­
some scaffold as well 
4 DISCUSSION 
The results described above show that label in­
corporated during the initiation of DNA synthesis 
in mammalian cells is present in DNA sites that are 
bound to '.ie chromosomal scaffolds during 
mitosis and to the nuclear matrix during the subse­
quent G, phase Previously a similar situation was 
found in Physarum, where label incorporated at 
41 
Volume 171, number 1 FEBS LETTERS June 1984 
the onset of one S phase remained associated with 
the matrix during the subsequent G2 phase and the 
next S phase [S] Our tentative conclusion from 
these data is that origins of replication are the sites 
of attachment of the DNA to the nuclear matrix 
and chromosomal scaffold, respectively This con-
curs with the finding that DNA loops between suc-
cessive attachment siles are of the order of replicón 
lengths [6-8] and also with the similarity of the 
type of DNA observed at the sites of attachment to 
both the nuclear matrix and chromosome scaffold 
[13] 
The apparent conservation of the DNA-binding 
sites during interphase and mitosis supports the 
suggestion that chromosome scaffolds are formed 
by a reversible rearrangement of parts of the 
nuclear matrix [9] without interruption of the 
DNA attachment 
The described structure also lends support to 
previous attempts to explain the separation of new-
ly replicated DNA molecules and their correct 
distribution to the daughter nuclei during mitosis 
[3,4,15] At the same time it shows new 
possibilities to isolate and study the structure of 
origins [16] and of components associated with 
them 
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chapter 4 
AUTORADIOGRAPHIC LOCALIZATION OF REPLICATION 
ORIGINS IN NUCLEAR MATRIX-DNA HALO STRUCTURES 
Huub M.W. van der Velden, Ingrid G. van Meurs, 
Paul P.G.S. Starmans and Friedrich Wanka 

SUMMARY 
We autoradiographically investigated the position of origins 
of replicona in mammalian nuclear matrix-DNA halo structures, ei­
ther prepared by a successive treatment of monolayer cultures on 
coverslips with 0.5* NP40 and 2 M NaCl or by high salt (2 M NaCl) 
treatment of isolated membrane-deprived nuclei. Short origin-con­
taining DNA regions that were labelled at the onset of S phase for 
1 h with [3Η]thymidine in the presence of 10 ug/ml Aphidicolin 
could be localized almost exclusively in the central nuclear 
matrix region. A 4 h chase following the pulse period had no 
effect on their position. On the other hand pulse label incorpora­
ted into primarily replication forks was found to have migrated in 
about 80* of the analysed structures from its initial position in 
the matrix area into the DNA halo. These data therefore suggest 
that, contrary to the temporary association with the nuclear 
matrix of replicating DNA molecules in the fork regions, at least 
those origins of early reproduced replicona are permanently 
attached. 
INTRODUCTION 
Studies on the sedimentation velocity of membrane deprived 
high salt treated nuclei in the presence of various concentrations 
of the DNA intercalating agent ethidium bromide suggested an 
organization of DNA molecules in negatively supercoiled loops, 
each containing approximately 100.000 basepairs of DNA [1,2]. In 
the fluorescence microscope these residual nuclei, called "nuclear 
matrices", appeared to be surrounded by a DNA halo, whose maximum 
size was found to be induced by the same ethidium bromide 
concentration as reported to fully relax supercoiled DNA [3]. By 
electron microscopic analyses it could be confirmed that these 
halos consist of loops of DNA that after a partial nuclease diges­
tion were shown to be attached to nuclear matrix fibrils [4-7]. 
This DNA attachment did not appear to be at random since a rela­
tionship between the average lengths of DNA loops and known sizes 
of rep 1 icons has been reported [3,8]. This relationship correspon-
47 
ded well with the proposed permanent attachment of origins of re-
plication to a DNA supporting structure, which would be a prere-
quisite for the correct separation of sister DNA molecules during 
mitosis [9]. Evidence in favour of the permanent attachment of 
replication origins to the nuclear matrix came from previous 
studies performed in our laboratory showing a preferential resis-
tance of early S phase labelled DNA regions against detachment 
from the nuclear matrix [10,11]. Recently, these indications have 
been corroborated by data from autoradiographic analyses of the 
position of specifically labelled replication origins in matrix-
DNA halo structures from BHK- [12] and Xenopus laevis- cells [13]. 
In this chapter similar data are presented on the permanent matrix 
association of origins of early reproduced replicons in bovine 
liver cells. 
MATERIALS AND METHODS 
Cell culture and labelling- procedure 
Monolayer cultures of an established bovine liver cell line 
were grown on coverslips or in Carrel flasks as described pre-
viously [14], except that a 10% calf serum concentration was used. 
Cell synchronization was performed by a double blockade with 2 mM 
thymidine of 20 h each [11]. The cellular DNA was pulse labelled 
in fresh growth medium containing 50 uCi/ml [^H]thymidine (25 Ci/ 
mmol; Amersham) and 10 ug/ml Aphidicolin (Sigma). Covers lip-cultu-
res were labelled by placing them in 0.75 ml of this pulse medium. 
Whenever a pulse was followed by a chase, cells were rinsed with 
label-free medium and grown for the times indicated. 
Preparation of matrix-DNA halo structures 
The first of the procedures followed was essentially as des-
cribed by Vogelstem et al. [3]. At the end of the pulse or chase 
period covers lip-cultures were rinsed with ice-cold TM-buffer (10 
mM Tris, pH 7.4/ 5 mM MgCl=) containing 0.9% NaCl and subsequently 
Perraeabilized for 5-10 m m in 0.5% NP40 in TM containing 0.22 M 
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sucrose. They were then sequentially dipped for 30 sec each in TM-
buffer solutions containing 0.0. 0.4, 0.8, 1.2 and 1.6 M NaCl and 
for 2-3 min in 2 M NaCl containing TM-buffer supplemented with 4 
jig/ml ethidium bromide. This ethidium bromide concentration gua-
ranteed a maximal relaxation of DNA loops [3], which was consis-
tently checked at the beginning of each experiment in the fluores-
cence microscope. The whole operation was performed at 40C, which 
was essential for preserving the cytoskeletal interaction of the 
nuclear matrix with the covers lip. For desalting the procedure was 
repeated in the reversed sequence except that the final NaCl-free 
solution contained 0.01% Triton X-100 to prevent halo-deformation 
during the subsequent air-drying. 
The second procedure starts with the isolation of membrane-
deprived nuclei from Carrel flask-cultures [15]. Nuclei, suspen-
ded in a few ml 50 mM pH 8 Tris-buffer, were lysed by the addition 
of an equal volume of 4 M NaCl in 50 mM Tris-HCl, pH 8 supplemen-
ted with 8 pg/ml ethidium bromide, during 15 min on ice. Subse-
quently, matnx-DNA halo structures were centrifugad onto micros-
copic slides during 4 min at 500 rpm in a cytocentnfuge 
"Cyto3pin-2" (Shandon). 
Autoradiography 
Microscopic slides with matnx-DNA halo structures were air-
dried and coated with a 0.25% gelatin solution containing 0.05% 
KCr(S0*)2 and 0.5% phenol. Matnx-DNA halo preparations on cover-
slips were dipped in the coating solution and mounted on slides. 
Autoradiography was performed according to the stripping film 
technique (Kodak AR-10 film) and exposures were between 3 and 5 
weeks. Following film development (Kodak D-19), autoradiographs 
were stained for 1 h with hematoxylin. 
RESULTS AND DISCUSSION 
To confirm the data from nuclease digestion studies that 
showed a preferential enrichment of DNA regions attached to the 
nuclear matrix of Gl phase bovine liver cells in origins of early 
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reproduced replicons (chapter 3), we applied an experimental pro­
tocol for light microscopic analysis of the position of pulse 
labelled replication origins with respect to the nuclear matrix. 
The scheme involved the synchronization of cell cultures by a 
double blockade with 2 mM thymidine and specific labelling of DNA 
synthesized at the time when cells entered the second S phase 
after release from the block. In order to keep the length of 
labelled regions of newly initiated origins as short as possible, 
a specific inhibitor affecting DNA chain elongation had to be 
included. The subsequent autoradiographic localization of initia­
ted replication origins was performed in matrix-DNA halo structu­
res, either immediately after the pulse or after a chase period. 
In recent years Aphidicolin has been proved to be a potent 
inhibitor of the eukaryotic DNA polymerase «, while DNA elongation 
rates readily reached their former values upon removal of the drug 
from the culture medium [16]. As can be observed in f ig. 1 the 
presence of 10 ug/ml (30 μΜ) Aphidicolin in the medium reduced the 
incorporation of [3H]thymidine in our cells during a 1 h period by 
about 85%. Upon replacement of the medium its inhibitory action 
appeared to be almost completely reversible (not shown). 
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ï?100|-? FIG. 1. Inhibitory effect of Aphi-
dicolin on the incorporation of 
[3H]thymidine. Cells were grown on 
covers lips in Petri dishes and pre-
label led for one generation time 
with 0.02 uCi/ml ["»C]thymidine 
(54 mCi/mmol; Amersham). Coverslips 
were placed in growth media contai-
ning graded concentrations of Aphi-
dicolin and 5 uCi/ml [3H]thymidine. 
The incorporation of 3H-dpm per 
1
*C-dpm during 1 h of incubation 
OL , ,_ was determined [21] and expressed 
5 10 as a percentage of that of a con-
APHIDICOLIN UG/ML trol that was set at 100%. The pre-
sented data are averages of tripli-
cate determinations from two (O,·) 
independent experiments. 
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In order to investigate whether Aphidicolin acts аз the inhibitor 
that fits in our experimental scheme outlined above, we labelled 
log-phase cells, grown on covers lips, for 1 h with [3H]thymidine 
in the presence of 30 uM Aphidicolin. Subsequently half of the co­
vers lip cultures were allowed to grow for an additional 4 h period 
in label- and inhibitoi—free medium. Immediately after the pulse 
or at the end of the chase matrix-DNA halo structures as shown in 
fig. 2A were prepared essentially according to the procedure des­
cribed by Vogelstein et al. [3]. The maximal halo radius in these 
structures was approximately 15 um, which corresponds to a DNA 
loop length of about 90.000 basepairs. Similar lengths have been 
found for interphase DNA loops in Drosophila (85.000 bp [1]), 
mouse (84.000-96.000 bp [3]) and hamster (81.000 bp [12]). As can 
be observed in the autoradiograph shown in fig. 2C the label in­
corporated during a 1 h pulse period in the presence of Aphidico­
lin led to the generation of silver grains almost exclusively 
covering the matrix region like it was observed after labelling 
for only a few minutes [3,13], indicating that in the presence of 
the inhibitor label was incorporated in only short DNA regions at 
the replication forks. The frequency distribution of the diameters 
of the labelled area of structures as shown in fig. 2C is presen­
ted in fig. 2D. In a control experiment with an uninhibited chain 
elongation not only the matrix region but also the DNA halo 
appeared to be completely grain covered (fig. 2B). Whenever the 
pulse period was followed by a chase, labelled DNA regions in more 
than 80% of the analysed structures appeared to have migrated into 
the DNA halo surrounding the central matrix (figs. 2E and F). The­
se results match with those obtained in similar studies [3,12,13, 
17] and confirm the data from several nuclease digestion experi­
ments [18,15,19.20], indicating that eukaryotic DNA molecules are 
replicated in close association with the nuclear matrix while 
they are displaced into positions more remote from the matrix 
attachment sites upon progression of DNA loop duplication. 
Almost identical results as those presented above were 
obtained in analyses performed on isolated matrix-DNA complexes 
that were centrifuged on microscopic slides (not shown). In these 
experiments diameters of nuclear matrices had increased by appro­
ximately 10*, possibly due to centrifugational forces. On the 
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basis of the obtained data it was concluded that Aphidicolin would 
be sufficiently suited for the intended studies on the localiza­
tion of replication origins. 
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FIG. 2. Distribution of grains in autoradiographs of labelled ma-
trix-DNA halo structures from asynchronous cells. 
A: Fluorescence micrograph of a nuclear matrix-DNA halo structure 
stained with 4 яд/ml ethidium bromide. 
B: Autoradiograph of a matrix-DNA halo structure isolated after 
pulse labelling with PH]thymidine for 1 h. 
C: Autoradiograph of matrix-DNA halo structures isolated after 
pulse labelling for 1 h in the presence of 10 яд/ml Aphidico-
lin. 
D: Frequency distribution (110 measurements) of the diameters of 
the grain covered area in structures as shown under C. 
E: As under С except that the pulse period was followed by a 4 h 
chase. 
F: Frequency distribution (215 measurements) of the diameters of 
the grain covered area in structures as shown under E. 
Matrix-DNA halo structures in these and other experiments were 
prepared according to the first procedure (see Materials and 
Methods) unless indicated otherwise. Bar, 10 um. 
Specific labelling of replication origins was performed in 
the presence of Aphidicolin at the beginning of the first free-
running S phase, i.e. from 19 to 20 h after release of the cells 
from a double thymidine block (see fig. 1 of the preceding chap­
ter) . Part of the cultures were subsequently allowed to grow for 
an additional 4 h in label- and inhibitor-free medium. Autora­
diographic analyses of matrix-halo structures prepared immediately 
at the end of the pulse period, by each of both methods described, 
again showed that only the central matrix area was grain covered. 
Graphic representations were similar to those obtained after pulse 
labelling log-phase cells of an asynchronous culture (figs. ЗА and 
C). However, in contrast with the observed migration of labelled 
DNA regions into the halo during a chase in asynchronous cells, 
the label incorporated during early S phase remained almost exclu­
sively associated with the matrix (figs. ЭВ and D). In a minor 
fraction, approximately 585, of the structures the grain-covered 
area had only limitedly extended beyond the matrix, probably due 
to initiations before pulse labelling, which has resulted in the 
incorporation of [3H]thymidine into DNA regions that border on 
those that contain origins. 
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FIQ. 3. Measurements on the grain covered zones in autoradiographs 
of matrix-DNA halo structures from synchronous cells labelled in 
early S phase for 1 h with [3H]thymidine in the presence of 10 
ug/ml Aphidicolin. 
A: Frequency distribution (250 measurements) of the diameters of 
the grain covered areas after the pulse period. 
B: Frequency distribution (205 measurements) of the diameters of 
the grain covered areas after a 4 h chase following the pulse 
period. 
C: As under A (140 measurements) except that matrix-DNA halo 
structures were isolated according to the second procedure. 
D: As under Β (1Θ0 measurements) with the same exception made 
under C. 
The obtained data indicate that replication origins that 
become initiated during early S phase remain, at least during the 
monitored 4 h time period following their initiation, attached to 
the nuclear matrix, in contrast with the temporary association, 
only during its replication, of loop region DNA. Since combined 
data from nuclease digestion studies on early S phase labelled 
replication origins in Phyaarum [10] and mammalian cells [11] 
revealed an association of these DNA regions with the nuclear 
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matrix during the whole interphase, even in the subsequent cell 
cycle, and with the chromosomal scaffold during the mitotic phase, 
it seems reasonable to suggest that eukaryotic replication origins 
are permanently attached to a supporting structure. 
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DNA replication has been studied in in vitro cultured bovine liver cells permeabilized in 0.02% Triton X-100. 
The A'
m
 for TTP was 20 μ M. The initial incorporation rate at 10 μ M TTP concentration was about 12% of 
the in vivo synthesis and declined very strongly within 1 h. A similar decline of the incorporation rate was 
found at 0.12 μΜ TTP concentration. DNAase I digestion of DNA-matrix complexes obtained from isolated 
nuclei in 2 M NaCl revealed that newly replicated DNA was preferentially bound to the nuclear matrix. A 
similar digestion with S, nuclease caused a selective release of short duplexes of Okazaki fragments with the 
complementary parental strand. The results show that in vivo replication continues in permeabilized cells in 
an almost unchanged way, except for a gradual decline of its rate which is mainly due to inactivation of one 
or more essential components. 
Introduction 
In the past years considerable progress has been 
made in the understanding of the mechanism of in 
vivo DNA replication in eukaryotic cells. How­
ever, in vivo studies on DNA replication are limited 
by the failure to examine the significance of inter­
nal factors, such as the role of specific proteins in 
the replication process. Investigations of this kind 
are possible with in vitro studies in isolated chro­
matin [1,2] and nuclei [3]. The most promising 
results, however, have been obtained wilh cells 
permeabilized with non-ionic detergents. Until now 
in these systems several aspects of DNA replica-
lion have been studied. In vitro DNA replication 
appears to be a continuation of the semiconserva-
tive in vivo replication [4,5]. Okazaki fragments 
• Present address Department of Cell Biology and Genetics, 
Erasmus University, Rotterdam, The Netherlands 
Abbreviation Hepes, 4^2-hydroxyelhyl)-l-piperazineethane-
sulphonic acid 
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are formed and linked to each other into larger-
sized intermediates [6,7] but full-sized DNA mole­
cules apparently are not attained under in vitro 
conditions [4]. 
More recently it has been found that a skeletal 
network, usually called the nuclear malnx, plays 
an important role in the in vivo DNA replication. 
It is evident now that replication forks are prefer­
entially associated with it [8-13]. Experiments with 
Physarum polycephalum showed that this binding 
exists during the enure S phase and that, after 
completion of replicons, the terminal DNA re­
gions are detached from the replication binding 
sites on the matrix [14,15]. In addition to the 
transient binding of the replication forks, perma­
nent binding of the DNA lo the matrix appears to 
exist at the origins of replicons or close to them 
[14,15,36]. 
In the present report il will be shown that in an 
in vitro DNA replication in permeable cells the 
nuclear matrix plays a role similar to that it plays 
in vivo. 
59 
Materials and Methods 
Cell culture and m DIVO labelling procedure 
Monolayers of bovine liver cells were grown, either 
on covershps or in Carrel flasks, as described 
previously [16], except that a serum concentration 
of 10% was used. The cellular DNA was pre-
labelled for at least one generation time (about 37 
h) with [2- l4C]thymidine (^-'"CJdThd, 52.8 
mCi/mmol; NEN) at a concentration of 0 35 or 1 
nO/ml, respectively, for covershp or Carrel flask 
cultures. Subsequently the cells were grown for at 
least 2 h in label-free medium. 
Cell permeabihzation and m vitro labelling condi­
tions. Assays for in vitro DNA synthesis were 
started by replacing the growth medium by an 
assay solution pre-warmed to 37 °C. The standard 
solution contained 6.6 mM Tns-HCl and 33 mM 
Hepes, pH 7.8, 160 mM sucrose, 5 mM MgCl2, 
0.67 mM EDTA, 10 mM /3-mercaptoelhanol, 5 
mM ATP, 0.2 mM each of dATP, dCTP and 
dGTP, and 10 μΜ T I P [17]. In addition, 0.02% 
(v/v) Triton X-100 was included to permeabilize 
the cell membranes. Label incorporation was usu­
ally started by adding 20 μ€\/τη\ [Л/е-3Н]ТТР (41 
Ci/mmol; ICN) after 2 mm of incubation. DNA 
synthesis was terminated by chilling on ice. In 
pulse-chase experiments TTP was added to a final 
concentration of 200 μΜ after the pulse period, 
since, owing to detachment of cells, the incubation 
medium could not be replaced. 
Experiments on the incorporation kinetics were 
carried out with cell cultures on covershps. The 
incorporation was started by placing the covershps 
in 0.75 ml assay solution containing 5 juCi/ml 
[3H]TTP and 0.02% Triton X-100. The reactions 
were terminated by addition of an equal volume of 
a 1% SDS solution. 
Preparation of nuclear lysates. Nuclear lysates 
were prepared essentially as described elsewhere 
[9]. Briefly, after pulse labelling the Triton X-100 
concentration was brought to 0.1%. The cells were 
detached from the glass surface by vigorous shak­
ing, forced five times through a hypodermic needle 
with a diameter of 0.7 mm and the homogenale 
was made up to a volume of 20 ml by addition of 
0.1% Triton X-100 in 5 mM Tris-HCl, pH 8. The 
nuclei were collected by centnfugation, thoroughly 
washed and resuspended in 4 ml 50 mM Tns-HCl, 
pH 8, per Carrel flask An equal volume of 4 M 
NaCl in the same buffer was added and nuclear 
lysis was allowed to proceed at room temperature 
for 15 mm. 
Enzymatic DNA digestion and sucrose gradient 
centnfugation. For digestion with DNAase I (Sigma 
Corp., electrophorelically pure) nuclear lysates in 
2 M NaCl were incubated in the presence of 7 5 
mM MgCl2 for 30 mm at 37
 0 C . For incubations 
with S, nuclease (type III, Sigma) the pH of the 
nuclear lysates was lowered to 4.5 by adding 0.5 M 
sodium acetate buffer (pH 4.5) to a final con­
centration of 0.05 M. Enzyme incubations were 
performed at 37 0 С for 30 min in the presence of 1 
mM ZnS0 4 . In both cases the enzyme treatments 
were stopped by the addition of an equal volume 
of 20 mM EDTA. The samples were subsequently 
layered on top of neutral 15-40% sucrose gradi­
ents in 50 mM Tris-HCl (pH 8)/2 M NaCl, pre­
pared on 65% sucrose cushions containing 0.4 
g/ml CsCl. They were centnfuged in a Beekman 
27-2 rotor as detailed under Results. 
For analyzing the size distribution of in vitro 
synthesized nascent chains, nuclei were dissolved 
in 0.5% SDS/0.1 M NaOH/10 mM EDTA and 
layered on 5-20% alkaline sucrose gradients pre­
pared on 65% sucrose /cushions. Centnfugation 
was carried out in a Beekman 27-2 rotor for 17 h 
at 25 000 rpm and 20° С 
All gradients were fractionated starting from 
the bottom of the tubes. Sedimentation coeffi­
cients were estimated according to McEwen [18]. 
Measurement of radioactivities Radioactive 
samples were processed as desenbed elsewhere 
[19]. In those cases where DNA and protein were 
labelled simultaneously, both salmon sperm DNA 
and bovine serum albumin were used in the pre­
cipitation step with trichloroacetic acid at final 
concentrations of 0.2 mg/ml and 0 4 mg/ml, re­
spectively. The acid-precipitable material was then 
dissolved in 0.2 ml 1 M NaOH during a 15 mm 
incubation at 80 "C. 
Results 
Some general characteristics of DNA synthesis in 
permeable cells 
The incorporation of [3H]TTP by eukaryotic 
cells requires a permeabihzation of the cell mem-
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brane During the past years a senes of methods 
were described for this purpose [20], including the 
treatment of cells with a cold shock in either a 
hypotonic [21,22] or a near-isotonic [23] buffer and 
the application of suitable detergents [7,24,25] We 
obtained the best results with Tnton X-100 in an 
approximately isotonic solution without a cold 
shock Fig 1 shows that maximal incorporation of 
[3H]TTP by Tnton X-100-permeabilized calf liver 
cells is reached at a detergent concentration be­
tween 0 02 and 0 05% Reproducible inhibitory 
effects were observed if concentrations above 0 05% 
were applied, which is in full accordance with the 
findings presented by Berger et al [26] 
The TTP incorporation in our permeable cell 
system displayed Michaelis-Menten kinetics with a 
tf
m
 of 20 μ M towards TTP, as obtained in a 
Lineweaver-Burk plot of the data from several 
independent expenments Similarly, a K
m
 value of 
12 5 μΜ for TTP has been reported for mouse L 
cells [23], but for mouse ascites sarcoma cells a 
considerably lower value of 2 5 μΜ has been found 
[5] In order to avoid inconvenient dilution of label 
by cold TTP, standard assays for in vitro DNA 
synthesis were performed in a medium with a TTP 
concentration of 10 μΜ The lime course of TTP 
incorporation showed an initial lag phase of a few 
minutes (Fig 2B) This is ascribed to the fact that 
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Fig 1 Effect of the Tnton X-100 concentration on the incor­
poration of [ ' H J T T P Cells were grown and pre labelled on 
covershps in a Petn dish The covershps were then placed in 
assay solutions containing graded concentrations of Tnton 
X 100 Incorporât loan of TTP was determined after incubation 
for 20 nun Each point represent the average of three covers 
lips 
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Fig 2 Time course of the [3H]TTP incorporation into DNA of 
permeable cells Pre labelled cells on coverslips were placed for 
vanous limes in assay solution containing 0 02% Tnton X-100 
The TTP concentration was either 0 12 μΜ (A) or 10 μΜ (В) 
Each point represents the average of three covershps 
some time is required for full permeabilization of 
the cells Therefore in expenments with Carrel 
flask cultures incorporation was started by adding 
['HJTTP 2 mm after incubation in the permea-
bihzdtion solution The rale of TTP incorporation 
measured from 5 to 10 mm after permeabilization 
was on ihe average approx 0 6 pmol/min per 10' 
cells Considenng thai the diploid nuclei contain 
15 pg of DNA [27] and thai ihe duplication time is 
approx 37 h, this means that the synthesis in 
permeable cells amounts lo 12% of the in vivo 
synthesis and that it would be 35% al saturating 
TTP concentrations The incorporation rate de­
clined considerably after about 20 mm The de­
cline was not prevented by addition of an extra 5 
mM ATP or 200 μΜ of each of the deoxynucleo-
side tnphosphates at this lime Similarly, no effect 
on the rate of DNA synthesis was observed with 
the addition of all four nbonucleoside tnphos­
phates, which is in agreement with the findings of 
Berger and Johnson [23] 
To find out whether this decline is due to an 
inactivation of essential components in the DNA 
replication or, for example, to the failure to ini­
tiate new Okazaki fragments or replicons, we ear­
ned out the same expenmenl with 0 12 μΜ TTP 
(Fig 2A) The time course obtained was essentially 
the same as at 10 μΜ TTP concentration Total 
incorporation afler 40 mm is 0 6 pmol TTP/10' 
cells, compared to 7 1 pmol at ihe higher con­
centration If the final amount of DNA synthe­
sized at the end of an 80 mm incubation is limited 
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Fig 3 Size disfnbulion of replicative intermediates after differ­
ent limes of synthesis in permeabiltzed cells Pre labelled tells 
grown in Carrel flasks were pulse labelled for 5 mm after 2 
mm (A) or 60 mm (B) of in vitro DNA synthesis Nuclei were 
isolated, dissolved in alkaline SDS and analysed m alkaline 
sucrose gradients Sedimentation direction m this and the fol­
lowing figures is from right to left The numbers given m each 
panel represent the total dpm per gradient 
by the inability to initiate either Okazaki frag­
ments or new rephcons or by the depletion of an 
essential factor, then the incorporation at low TTP 
concentration should continue for at least several 
hours Therefore we conclude that the decline of 
the incorporation rale is caused by an inacltvation 
of certain components of the replication complex 
To obtain more direct evidence for an uninter­
rupted initiation of Okazaki fragments during in 
vitro DNA replication, labelled TTP was added 
either 2 mm after permeabihzation or after 60 mm 
of DNA synthesis in the presence of 10 μΜ un­
labeled TTP After incorporation for 5 min repli­
cative intermediates of both samples were analysed 
in alkaline sucrose gradients (Fig 3) The label 
distribution in both samples was similar, indicat­
ing that all processes such as initiation, elongation 
and ligation of Okazaki fragments continue for at 
least 1 h, although at a drastically decreasing rate, 
as can be inferred from the amount of incorpo­
rated ('HITTP in Fig 3B, which appeared to be 
only a few percent of that m Fig ЗА However, we 
reproducibly found a slight excess of newly repli­
cated fragments with sedimentation coefficients of 
less than 5 S after 1 h of in vitro DNA replication 
This suggests that elongation of Okazaki frag­
ments is slowed down more than initiation and 
ligation 
Finally, we have carried out density labelling 
expenments as described by Berger et al [4] and 
confirmed their observation that DNA synthesis 
occurs by extension of in vivo replicating DNA 
molecules (results not shown) 
Movement of replicating DNA through the binding 
sites on the nuclear matrix 
It has been shown that in eukaryolic cells DNA 
is attached to the nuclear matrix by the origins of 
rephcons [14,15,36] and that during replication the 
molecules are reeled through additional binding 
sites in such a way that the 'oinding is always close 
to the replication fork [8-13] 
In order to find out whether the involvement of 
the matrix is conserved during DNA synthesis in 
permeabilized cells we analysed the binding of in 
vitro synthesized DNA of cells which had been 
pre-labelled for 36 h with (,4C]leucine (336 
mCi/mmol, Amersham) Cells were permeabilized 
and after 20 mm of TTP incorporation nuclei were 
isolated and a lysate was prepared in 2 M NaCl 
Subsequently one part of the sample was analysed 
by sedimentation through a sucrose gradient Fig 
4A shows that almost 65% of the in vitro synthe­
sized DNA was associated with the rapidly sedi-
menting nuclear matrix The proportion of this 
matrix-associated DNA slightly vaned and was 
dependent on a careful preparation of the nuclear 
lysate A second part of the lysate was subjected to 
a digestion with DNAase I (Fig 4B) Almost all of 
the DNA was released from te matrix-DNA com­
plex, mainly as fragments with sedimentation coef­
ficients between 5 and 25 S The DNA digestion 
did not cause a disassembly of the protein struc­
ture, although a slight loss of label was usually 
observed The third part of the lysate was digested 
by proteinase К to an extent that more than 90% 
of the protein label in the rapidly sedimenling 
material became acid-soluble (Fig 4C) This caused 
a release of at least 85% of the pulse label in DNA 
fragments with sedimentation coefficients of up to 
100 S Only a minor portion of the DNA remained 
associated with the not completely digested pro­
tein structure These results show that the DNA 
remains attached to the nuclear protein matrix 
during DNA synthesis in permeabilized cells 
To determine whether the binding of the DNA 
is close to the replication fork, cells were pre-
labelled with ['"CJdThd and the duration of the 
DNA synthesis after permeabihzation was limited 
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Fig. 4 Evidence for a DNA-matnx complex 
after in vitro DNA synthesis. Cells, grown in 
a Carrel flask, were pre-labellcd for 36 h with 
0.3 μΟ/ιηΙ [MClleucine. After penneabiliza-
tion they were labelled for 20 nun with 
I'HITTP A nuclear lysate in 2 M NaCl was 
prepared as desenbed and divided into three 
portions. Pans of the lysate were digested 
with SO units/ml DNAase I for 30 mm at 
37 е С (В) or 100 /ig/ml proteinase К for 30 
mm 37 * С (С) Both samples together with an 
undigested control (A) were centnfuged 
through 2 M NaCl-containing sucrose gradi­
ents for 1 h at 20000 ipm and 20° С 
to 5 min. Lysates were prepared in 2 M NaCl and 
digested with graded concentrations of DNAase I. 
The released DNA was subsequently separated 
from the matrix by centrifugation in sucrose gradi­
ents. Fig. 5 shows that in vitro pulse labelled DNA 
is less accessible to the action of DNAase than 
bulk DNA. At 16 units/ml DNAase I only 15% of 
the pre-label remained associated with the matrix, 
while the amount of pulse label was still 65%. The 
increase of the relative ratio of pulse label to 
pre-label (see also Fig. 6) indicates that newly 
synthesized DNA, i.e., DNA synthesized in the 
permeable cells, is bound to the matrix by a site 
close to the replication fork [9,10,12]. 
To demonstrate the movement of DNA through 
the binding sites on the matrix, permeabilized cells 
were pulse labelled with [3 H]TTP at a concentra­
tion of 0.5 μΜ. Then DNA synthesis was slopped 
immediately or after a chase for 15 or 60 mm. 
Subsequently, nuclear lysates were isolated, di­
gested with varying concentrations of DNAase I 
and the label distribution was studied in sucrose 
gradients. From the results of representative ex­
periments that are presented in Fig. 6 it can be 
observed that the relative [3H)/[14C]ratio of the 
matrix-associated residual DNA gradually de­
creases with increasing duration of the chase. This 
suggests that the pulse-labelled region becomes 
gradually displaced from the binding site during 
the chase period. This means that in permeable 
cells replicating DNA molecules move through the 
binding sites on the matrix as they do during 
replication in vivo [10,11,28]. At the end of a 1 h 
chase following a 5 mm pulse in vitro the relative 
ratio for 20% matrix-associated residual DNA was 
approx. 2 (Fig. 6). In a similar experiment in vivo 
a lower value of 1.3 was found, which is the result 
of a higher DNA synthesis rate, since in vitro this 
rate is at Ihe most 35% of that in vivo at the 
beginning of the chase period and gradually de­
clines with Ihe lime. 
Studies on fork-region DNA 
The reason for the diminished rate of synthesis 
15 5 
F R A C T I O N 
Fig 5. Preferential association of newly in 
vitro synthesized DNA with the matrix Cells, 
grown and pre-labelled with [ , 4C|dThd in a 
Carrel flask, were incubated and pulse labelled 
in assay solution for S mm. A nuclear lysate 
in 2 M NaCl was prepared and divided into 
three portions DNAase I was added at final 
concentrations of 0 (A), 8 (B) and 16 units/ml 
(C) and the lysates were incubated for 30 min 
at 37° С The samples were analysed by 
sucrose gradient cenlnfugalion for 1 h at 
25 000 rpm and 20 0 С Numbers in each panel 
are the ratios of the percent } H and > 4 C dpm 
in the mainx-associated DNA. 
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Fig. 6 Change of the association of in vitro pulse-labelled 
DNA after vanous limes of chase Cells were pulse labelled and 
analysed as described in Fig 5 immedialely after the pulse (O 
and · ) or after a chase in the presence of 200 μΜ unlabetled 
TTP for 15 (Δ) and 60 mm (X and + ) respectively The 
DNAase concentration used was between 0 and 16 units/ml 
The relative ('HI/l'^Qralios of the matrix-associated DNA 
are plotled as a function of residual attached DNA 
and movement of the DNA through the replica­
tion binding site on the matrix is not clear. One 
possible explanation is a change of the DNA-ma-
tnx interaction caused by the permeabilization 
procedure. According to previous data the binding 
in vivo is slightly behind the branch point, leaving 
the fork region accessible to single-strand-spccific 
nuclease [10,29]. 
Fig. 7 (A and B) shows the result of an experi­
ment in which nuclear lysates were prepared after 
5 min DNA synthesis in permeabilized cells and 
digested with S, nuclease. On the average 25-30% 
of the in vitro synthesized DNA was released by 
the nuclease without noticeable effect on bulk 
DNA. The sedimentation coefficients of the frag­
ments varied between 0 and 10 S. Only very small 
amounts of pulse label were released from a nuclear 
lysate if after pulse labelling the incubation was 
continued for another hour (Fig. 7C, D). It has 
been shown that resistance to the nuclease after a 
chase in vivo is due to the fact that single-stranded 
gaps are no longer present owing to the matura­
tion and ligation of Okazaki fragments [10]. 
Practically the same results were obtained in 
analysing in vitro synthesized DNA under dena­
turing conditions (Fig. 8). After pulse labelling for 
10 15 s 
FRACTION NUMBER 
Fig 7 Accessibility of single-stranded fork-region DNA to S, 
nuclease Pre-labelled cells, grown in Carrel flasks, were pulse 
labelled in vitro for 5 mm Nuclei were isolated from the cells 
of one culture flask immediately (A and B) and from those m 
the other after a chase of 1 h (С and D) Nuclear lysates were 
prepared and half of each lysate was incubated with 400 
units/ml S, nuclease (B and D) The samples were analysed by 
sucrose gradient centnfugation for 17 h at 25000 rpm and 
20 ° C 
5 10 15 20 5 10 15 ¡0 
FRACTION NUMBER 
Fig 8 Effect of a chase on the size distribution of pulse-labelled 
DNA Cells were m vitro pulse labelled for 5 mm Nuclei, 
isolated immediately (A) or after a 1 h chase in the presence of 
200 μΜ unlabelled TTP (B), were dissolved in alkaline SDS 
Subsequently the samples were analysed in alkaline sucrose 
gradients 
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5 min almost 30% of the incorporated 'H activity 
appeared to be present in DNA chains sediment· 
mg at a rate of less than 10 S. including growing 
Okazaki fragments and probably short ligation 
products The greater part of this slowly sedimenl-
ing material was efficiently converted lo DNA of 
more than 20 S during a 1 h chase 
From these data it can be concluded that condi­
tions for in vitro DNA synthesis probably do nol 
have strong effects on the structural inleraclion 
between fork-region DNA and (he nuclear matrix 
Discussion 
The results described above show thai the es­
sential features of the involvement of the nuclear 
matrix in DNA replication arc conserved during 
DNA replication in permeable cells Our data 
support the previous finding that DNA synthesis 
after permeabihzation proceeds by elongation of 
DNA chains initialed in vivo [4,5] They further 
indicate that concomitant with the elongation the 
DNA molecules move through a binding site on 
the nuclear matrix This is inferred from an analy­
sis of pulse and pulse-chase labelled DNA-malrix 
complexes by graded DNAase digestion It shows 
that the most recently synthesized DNA is in close 
association with the matrix and that these DNA 
regions are displaced into positions more or less 
remote from the binding site on continuing repli­
cation This is identical to what has been shown 
for the DNA replication in vivo [10,12,13,15,30] It 
was suggested that functional replication com­
plexes might be responsible for the tight DNA-ma-
tnx association [10,11,31] and, consistent with this 
idea, it was found that DNA polymerase a is 
bound to the matrix isolated from replicating cells 
[32,33] Further, the fact that newly synthesi7cd 
DNA is bound to the matrix corroborates the 
previous findings that TTP incorporation in vitro 
is essentially due to DNA replication, since it has 
been shown recently [34] that repair synthesis oc­
curs independently of the position of the binding 
site 
A considerable conservation of the structure 
around the replication fork is also indicated by the 
observation that short DNA fragments ennched in 
pulse label are preferentially released from the 
DNA-malrix complex by smgle-strand-specific 
nuclease This material is considered to be excised 
from a limited region just behind the branch point 
of replication forks by cleavage of the рагепЫ 
strands at unpaired sites between growing Okazaki 
fragments [10,29] The amount of label released 
after a 5 mm pulse varied between 25 and 30% 
The same amount was found in vivo after a 1 mm 
pulse or after a 60 mm pulse in the presence of 
arabinosylcylosine, an inhibitor of DNA synthesis 
[10] In this light il seems obvious that ihe rela­
tively high amount of S,-sensitive [3H]DNA at the 
end of a 5 mm pulse in vitro is a result of the 
reduced rale of DNA synthesis Except for this 
lower rale the growth and ligation of Okazaki 
fragments proceeds as in vivo, which is indicated 
by the S, resistance of the pulse label after a 1 h 
chase 
A major concern with regard to the replication 
in various in vilro systems is the decline of the 
TTP incorporation with lime It has been sug­
gested that this is due to a lack of initiation of new 
replicons [4] If this were the case it should be 
found that the TTP incorporalion gradually ceases 
as active replicons are completed This means that 
the decline in synthesis rate should be correlated 
with the amount of in vitro synthesized DNA 
However, our experiments show that the time 
courses of Π Ρ incorporation at different con­
centrations were practically the same, which makes 
U highly unlikely that the decline of the DNA 
synthesis rate is primarily caused by the failure to 
initiate new replicons In fad evidence in favor of 
in vitro initiation came from fiber autoradio­
graphic studies on DNA synthesis in detergent-
treated CHO cells [35] 
There was also no indication that the rate of 
incorporation was slowed down solely by a lack of 
initiation of Okazaki fragments, since pulse label 
incorporated after 60 mm of in vitro synthesis 
showed a pattern of labelled replication inter­
mediates similar to that immediately after permea­
bihzation The most likely reason is a decline of 
the polymerization reaction, probably in combina­
tion with a reduced rate of initiation of Okazaki 
fragments This could be the result of a gradual 
mactivation of essential components of the repli­
cating system, possibly enzymes or other protein 
factors From the available data U cannot be de­
cided whether the declining chain growth is the 
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cause or the result of the decreased movement of 
the DNA through the replication binding sites. 
In conclusion, we would like to stress that the 
observed conservation of the matnx-DNA interac­
tion during DNA synthesis in permeabihzed cells 
gives more weight to conclusions based on the 
results of in vitro DNA synthesis On the other 
hand, it has to be emphasized that the inconveni­
ent inactivation of the in vitro systems will have to 
be elucidated and overcome before specific steps 
such as the initiation of new replicons can be 
studied with reasonable success 
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chapter 6 
INITIATION OF DNA REPLICATION IN PERMEABLE 
MAMMALIAN CELLS; 
An assay system for identification of inducers 
Huub M.W. van der Velden, Martien J. Classens, 
Paul P.G.S. Starmans, Ingrid G. van Meurs and Friedrich Wanka 

SUMMARY 
We have investigated whether initiation of DNA replication 
can occur in mammalian Gl phase cells permeabi1ized by 0.1% Triton 
X-100. For this purpose an assay solution for m иіtro DNA 
replication containing [TH]TTP as a tracer and Triton X-100 as a 
permeabilizing agent was sandwiched between pairs of monolayer 
cultures on microscopic slides, one of which synchronized in Gl 
and the other in S phase. After a 1.5 h incubation period label 
incorporation in nuclei was analysed by autoradiography. DNA 
replication was found to be initiated in 25-80% of the Gl phase 
cells. A pre-treatment of the S phase cultures for 10 m m at 60°C 
diminished their inducing capacity by at least 50%. It has further 
been found by the same technique that in the presence of 1 mM Ap^A 
(diadenosine tetraphosphate) frequencies of DNA synthesizing cells 
within Gl cultures increased from about 4 to 15%. 
INTRODUCTION 
Initiation of DNA replication can be induced in Gl cells by 
fusing them with cells that are in S phase [1]. This induction 
process is not restricted to cells of the same species and seems 
to proceed in α dose-dependent manner, since it has been shown 
that the greater the ratio of S to Gl phase nuclei in a multinu­
cleate cell the more rapidly induction occurs [2]. Similarly nu­
clear transplantation studies in the ciliate Stentor demonstrated 
initiation of DNA replication in GÌ nuclei when transferred into 
an S phase cytoplasm [3]. From these and other experiments it has 
been suggested that the start of eukaryotic DNA replication is 
triggered by the control of cytoplasmic factors that gradually 
accumulate during progression through the Gl phase until a 
critical treshold is reached 14]. 
As in иіио studies are limited when it concerns the identifi­
cation of the inducing factors, investigations in this field will 
probably largely depend on suitable m vitro systems. Several 
cell-free systems in which DNA replication occurs have been des­
cribed and for many of them cytoplasmic fractions were found to 
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stimulate the incorporation of labelled precursors [5-Θ] However 
almost none of them has been convincingly demonstrated to be 
capable of initiating DNA replication, with the exception of 
nuclei from nondividing Xenopua laevia cells when incubated with 
early embryonic cytoplasm [9] 
We previously reported that upon permeabilization of mamma­
lian cells with Triton X-100 in vivo DNA replication continues in 
an almost unchanged way for about 30 m m [10]. During DNA replica­
tion in these permeable cells several features of the involvement 
of the so-called "nuclear matrix" were found to be conserved. This 
conservation of the interaction of replicating DNA molecules with 
this intranuclear network structure might be a prerequisite for 
the occurrence of initiation of DNA replication in nitro, since it 
has been reported that not only the DNA sites at which replication 
starts [11-14] but also enzymes [15,16] involved in this process 
are bound to it. 
In the present communication it is shown that DNA replication 
can be induced in permeable Gl phase cells by diffusible compo­
nents from S phase cells. These inducers are probably mostly pro­
teins although low molecular weight heat-stable components might 
be involved as essential co-factors. This m vitro system might 
prove to be useful in the identification and subsequent character­
ization of the inducing cellular components. 
MATERIALS AND METHODS 
Cell culture and in vivo labelling procedure 
Monolayer cultures of bovine liver cells [17] were grown on 
microscopic slides in Eagle's minimal essential medium (Flow) 
supplemented with 10* calf serum, 2 mM glutamine, 500 units/ml 
penicillin and 0.05 mg/ml streptomycin. Cells were synchronized by 
a double blockade with 2 mM thymidine of about 20 h each as was 
described before [12] Following release from the second block 
"Gl"-cell cultures were obtained 16 h later (chapter 3) To obtain 
"S"-phase populations, cells were accumulated at the beginning of 
the first free running S phase, which starts at about t-18 h, by 
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an additional 15 h thymidine block and harvested 2 h after its 
removal. In the latter cultures the cellular DNA was pre-label led 
with either 5 мСі/тІ [^Н]thymidine (25 Ci/mmol; Amersham) or 25 
nCi/ml [1'*C] thymidine (50 mCi/mmol; Amersham) during the first S 
phase following release from the second block. 
Permeabili zation and in vitro labelling procedure 
In a temperature room at ЭТ^С cell cultures on microscopic 
slides were washed in a pre-warmed isotonic buffer (10 mM Tris-HCl 
pH / 0.9% NaCl) and positioned on a leveled platform. Volumes of 
200 μΐ of an assay solution were equally spread over the cell 
layers and subsequently sandwiched by placing a second slide with 
cells pointing downwards on top. The standard assay solution con­
tained 6.6 mM Tris-HCl and 33 mM Hepes. pH 7.8, 160 mM sucrose. 
100 mM NaCl. 5 mM MgCl3, 0.67 mM EGTA, 10 mM ß-mercaptoethanol, 5 
mM ATP, 0.2 mM each of dATP, dCTP and dGTP, 10 uM TTP and 0.09% 
(v/v) Triton X-100. For labelling in vitro replicating DNA, 
[3Η]ΤΓΡ (41 Ci/mmol; ICN) was included at a final concentration of 
20 uCi/ml. Incubations were performed for 1.5 h while precautions 
were taken to prevent evaporation. 
Isolation of nuclei and autoradiography 
Incubations were terminated and cells detached from their 
support by submersion of "sandwiches" in 20 ml of an ice-cold so­
lution of Triton-Tris (0.1% Triton X-100 in 5 mM Tris-HCl, pH 8). 
Cell suspensions were forced two times through a hypodermic needle 
with a diameter of 0.8 mm and nuclei were collected by centrifuga-
tion and resuspended in 2.5 ml 50 mM Tris buffer, pH 8. Coverslips 
were dipped in these suspensions and nuclei that had adhered were 
fixed in ethanol-acetic acid (3:1) and immersed overnight in a 70% 
ethanol solution, that was replaced at least 2 times. Subsequently 
the coverslips were dipped in a coating solution (0.25% gelatin; 
0.05% KCr(S0.»)=!; 0.5% phenol) and mounted on pre-coated microsco­
pic slides. Autoradiography was performed according to the strip­
ping film technique, using Kodak AR-10 film. After 2 to 4 weeks of 
exposure the autoradiographs were developed in Kodak D19 developer 
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and stained with hematoxylin 
RESULTS AND DISCUSSION 
Our previous studies on the characterization of DNA replica-
tion in Triton X-100-permeabilized bovine liver cells have shown 
that the incorporation rate of [3H]TTP, that initially amounts up 
to maximally 35% of that m vivo, gradually declines after about 
20 min of synthesis. It has been suggested that this phenomenon 
that characterizes the time course of DNA replication in almost 
all in nitro systems might be due to the failure of replicón 
initiation [18]. However, our data suggested that it rather 
results from an inactivation of essential protein factors involved 
in the polymerization and probably also in the initiation of 
Okazaki fragments [10]. Initial DNA synthesis rates could not be 
restored by the addition of cellular extracts (not shown). At the 
same time it could not be demonstrated whether these extracts were 
able to induce initiation of DNA replication in permeable Gl phase 
cells. This was largely due to the fact that the obtained data 
were often not easily to interpret as a result of incorporation of 
[:3H]TTP in small amounts of DNA that were unavoidably present in 
the cellular extracts. In order to evade the described difficul-
ties, an approach was chosen for investigating initiation of DNA 
replication in permeable cells that was based on the general 
observation that DNA synthesis is induced in Gl phase cells when 
fused with those that are in S phase. 
In vitro DNA replication was studied in so-called "sandwich"-
incubations. In each incubation a monolayer cell culture that was 
grown on a microscopic slide of + 20 cnP was covered with a volume 
of 200 ul of a standard assay solution containing Triton X-100 for 
permeabilization and [3H]TTP as a tracer. A second culture was 
placed on top. For a maximal incorporation of [3H]TTP a detergent 
concentration between 0 075 and 0.1% was required (not shown). 
Standard assays were performed with 0.09% Triton X-100. After an 
incubation for 1.5 h at 37°C relative frequencies of cells that 
had incorporated 3H into in vitro synthesized DNA were determined 
by autoradiographic analysis on isolated nuclei. As can be obser-
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ved in the autoradiograph in fig. 1A nuclei that had incorporated 
[3H]TTP (usually more than 50 grains/nucleus) could be easily dis­
criminated from those that were unlabelled (0-5 grains/nucleus). 
FIG. 1. Autoradiographs showing nuclei of permeable cells that had 
incorporated [3H)TTP during a sandwich-incubation. Pairs of star­
ting cell cultures were either both asynchronous (A) or synchroni­
zed (B), one of each pair in Gl phase and the other in S phase. 
Cells of the S phase populations had been pre-label led in vivo 
with [1,,С]thymidine. Bar, 10 шп. 
For investigating induction of in vitro DNA replication, the 
incorporation of PHITTP was studied in mixed sandwich-incubations 
in which a Gl phase culture faces one synchronized in S phase. In 
a first series of experiments the S phase cultures had been pre-
labelled in vivo with [3H)thymidine. Autoradiographic analyses on 
nuclei from three representative experiments (Table 1, column C) 
showed that 61-88% of them had incorporated the '•'H-label. For 
determining the contribution to these frequencies of nuclei from 
pre-labelled S phase cells, similar incubations were performed in 
the absence of [3H]TTP. It appeared that between 33 and 51% of the 
nuclei originated from S phase cells (column B). In control 
experiments it was found that of the cells in the Gl cultures 
between 7 and 25% had incorporated TTP (column A). These percenta­
ges represent cells that already were in S phase at the start of 
the incubations since similar values were obtained in simultane­
ously performed in vivo incorporation experiments (not shown). 
Consequently, in exp. 1 the total frequency of S phase cells 
amounts to 32.9% + (67.1% χ 25.6%), which makes 50.1%. The total 
7S 
TABLE 1. INDUCTION OF IN VITRO DNA REPLICATION 
(Experiments with 3 H pre-label 1 ing) 
Pairs of monolayer cultures, either both synchronized in Gl 
phase (A) or one in Gl and the other in S phase (B and C ) , were 
incubated for 1.5 h at 37°ΰ in assay solution for in vitro DNA 
synthesis in the presence (A and C) or absence (B) of t3H]TTP. The 
cells in the S phase cultures had been pre-label led in vivo with 
[3H]thymidine. Nuclei were isolated and frequencies of those that 
were labelled determined by autoradiography. For the estimation of 
the frequencies of induced Gl cells see text. 
Gl+Gl 
(+3H-TTP) 
Gl+S 
(-•^ H-TTP) 
Gl+S 
(+SH-TTP) 
induced Gl 
cel Is 
Exp. 
% 3 H (#) 
A 
% 3 H (#) 
В 
number of analysed nuclei 
% "Ή (#) 
С 
% 
D 
1. 
2. 
3. 
25 
7, 
8 
.6 
.4 
.7 
(841) 
(829) 
(400) 
32 
41 
51. 
.9 
.7 
.3 
(1143) 
(920) 
(330) 
88, 
61. 
73. 
.2 
.3 
.0 
(1859) 
(1215) 
(496) 
76 
28 
39 
.4 
.3 
.3 
TABLE 2. INDUCTION OF IN VITRO DNA REPLICATION 
(Experiments with **C pre-label 1 ing) 
Pairs of monolayer cultures, either both synchronized in Gl 
phase or one in Gl and the other in S phase, were assayed for in 
vitro incorporation of [3H]TTP during 1.5 h at 370C. The cells in 
the S phase cultures had been pre-label led in vivo with [1'*C] thy­
midine Nuclei were isolated and frequencies of those that were 
labelled with either 1'*C or only 3H were determined by autoradio­
graphy. For the estimation of the frequencies of induced Gl cells 
see text. 
EXP. 
1. 
2. 
3.* 
Gl+Gl 
(+3H-TTP) 
*
 3 H 
A 
24.4 
19.9 
17.2 
(#) 
(818) 
(925) 
(471) (a) 
(b) 
H 
%l*C 
В 
55.6 
56.7 
45.1 
45.0 
Gl+S 
•
3H--TTP) 
*
 3 H 
с 
22.9 
26.9 
46.3 
26.1 
(#) 
(1813) 
(1928) 
(410) 
(525) 
induced Gl 
cells 
% 
D 
35.8 
52.7 
81.0 
36.5 
number of analysed nuclei 
S phase cultures were incubated for 10 min at 37'=C (a) 
or 60°C (b) before they were joined with Gl-populations 
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frequency of 3H-labelled nuclei was found to be 38.1* higher 
(88 2%) which means that of the 49.9% Gl phase cells in the mixed 
incubation DNA replication had been induced in 76.4%. The observed 
induction was completely reproducible although the obtained fre­
quencies markedly varied (column D). 
In order to be able to directly discriminate between nuclei 
of pre-labelled S phase cells and those from Gl culture cells that 
had incorporated [3H]TTP, [''•C]thymidine was used as a pre-label 
in a second series of experiments. The ease of identification of 
nuclei of either of both populations can be observed in the 
autoradiograph shown in fig. IB Data from again three representa­
tive experiments are presented in table 2. In the first experiment 
55.6% of the nuclei appeared to be 1'*C-labeHed and therefore had 
to originate from pre-labelled S phase cells. Of the residual 
nuclei coming from cells of the Gl phase population (44.4%) more 
than half (22.9% of total nuclei) had incorporated [3H]TTP. Since 
the Gl population contained 24.4% (column A) of S phase cells this 
means that DNA replication has been induced in 35.8% of the real 
Gl phase cells. Again the induction was found reproducible and 
frequencies of induced Gl cells ranged from approximately 35 to 
80% (column D). 
To obtain some preliminary information on the nature of the 
factors inducing DNA replication, experiments were performed in 
which the S phase cultures had been incubated for 10 min in phy­
siological buffer of 60oC prior to permeabilization. Due to this 
temperature treatment their inducing capacity had become signifi­
cantly reduced as could be concluded from analytical data of the 
frequency of new initiations of DNA replication in in vitro co-
incubated Gl cultures. The calculated frequency in exp. 3b, as 
shown in table 2, was 36% against 81% in the control (exp. 3a). 
These data therefore suggest that at least part of the activities 
inducing DNA replication in permeable Gl phase cells are heat-
sensitive and presumably proteins. Other components might be in­
volved as essential co-factors. A favourite candidate could be di-
adenosine tetraphosphate (Αρ-,Α) , a dinucleotide whose intracellu­
lar concentration has been found to increase up to 100-fold when 
cells pass from Gl (1 χ Ю ^ М ) into early S phase (1 χ IQ-'-M) [19] . 
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FIG. 2. Effect of APAA on the frequency of cells within permeable 
Gl phase cultures that incorporated [3H]TTP. Cells synchronized in 
Gl phase were assayed for in κι tro DNA replication in a standard 
solution containing varying concentrations of Ap^A in the presence 
of either 0.67 mM EGTA (O) or EDTA (·). Average frequencies of 
labelled nuclei from three experiments are plotted against the 
concentration of Ap^A in the medium. Standard deviations are 
indicated by vertical bars. 
Grummt measured an increased incorporation of [3H)TTP in Gl-phase 
permeable baby hamster kidney (BHK) cells when Ap^A was added to 
the assay medium until a concentration of 0.1 mM [20]. In order to 
investigate the presumed role of Ap^A in triggering DNA replica­
tion, we autoradiographically analysed the effect of various 
concentrations of this compound on the frequency of DNA synthesi­
zing cells within permeabilized Gl cultures. As can be observed 
in fig. 2 these frequencies gradually increased from an initial 4% 
to above 15% with the addition of maximally 1 mM APAA to the 
standard assay solution. During the initial characterization of 
DNA replication in our permeable cell system [10] the assay 
solution had contained EDTA instead of EGTA at a concentration of 
0.67 mM [21]. In order to investigate the effect of the former 
chelator on the initiation of DNA replication, analyses similar to 
those described above were performed with AP^A in the presence of 
EDTA. Again frequencies of Gl cells that had incorporated [3H]TTP 
had increased with increasing concentrations of Ap*A in the assay 
medium, however this time only until about 6* above the starting-
level (fig. 2). The presented data therefore suggest that Ap*A has 
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a stimulating effect on the initiation of DNA replication in per-
meable Gl phase cells. However, the presence of 0.67 mM EDTA in 
the in vitro assay medium partly inhibits thi? effect. To some 
extent this might be due to a more efficient withdrawel of Zn2* 
ions from the medium by EDTA, which is supposed to increase the 
activity of the Ap«A hydrolyzing enzyme [22]. On the other hand 
it can not be excluded that, due to the higher affinity for Mg3"" 
ions of EDTA compared to that of EGTA, a lower Mg3* concentration 
affects not only the rate of DNA synthesis but also the frequency 
of replicón initiation. 
Summarizing the obtained data, it has to be concluded that 
components from cells that are in S phase can trigger DNA replica-
tion in permeable Gl phase cells. The dinucleotide Ap«A might be 
involved in this process. Whether this compound is by itself 
responsible for initiating DNA replication in vitro or even in 
vivo might be doubted due to its relatively small inducing 
capacity when compared to that of S phase cellular factors. Also 
the data presented m Table 2 (exp. 3) on the temperature-sensiti-
vity of the DNA replication inducing activities speak against it 
and rather suggest that specific proteins might play a major role. 
It seems reasonable to suggest that the nuclear matrix attached 
origin regions are the prime targets of these proteins. In 
preliminary experiments showing an induction of DNA replication in 
Gl phase cells by isolated S phase cellular extracts specific 
proteins indeed seemed to have become bound to the intranuclear 
matrix structure. Their identification in following studies will 
possibly add to our present knowledge of the initiation process of 
eukaryotic DNA replication. 
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We have studied the effect of in vivo treatment with trioxsalen on DNA replication in mammalian cells. In 
vitro cultured bovine liver cells were exposed to two or four cycles of treatment with 45 μ M trioxsalen 
followed by irradiation with long-wave ultraviolet light. Thymidine incorporation was reduced by about 95% 
during the first hour after a double treatment. A large proportion of the label was released in alkaline 
sucrose gradients as a low molecular weight fraction (average length about 500 nucleotides) which was 
supposed to consist of replication origins containing DNA fragments. From the relative quantities of this 
DNA obtained at different times of the S phase we concluded that it contains a considerable but not 
precisely determinable proportion of non-origin DNA. We also find that the fraction is contaminated by a 
large excess of non-replicating bulk DNA. 
Introduction 
The replication of the eukaryotic genome is 
initiated at multiple sites on each DNA molecule 
[1] These replication origins seem to have fixed 
positions on the DNA molecules, since in succes­
sive S phases DNA replication is initiated at the 
same sites [2] However, the nature of the origins 
is still completely unknown This is a senous 
handicap in the efforts to elucidate the regulation 
of the DNA synthesis in eukaryotic cells Recent 
studies have revealed two potential approaches for 
the isolation of origins It has been shown that 
origins of rephcons are attached to a salt-resistant 
nuclear structure, called matnx [3,4] DNA frag­
ments enriched in ongins can be isolated from this 
nuclear matnx after the bulk DNA has been re­
moved by nucleolytic digestion The other ap­
proach is based on the observation that, owing to 
the labile structure at the replication forks, short 
ongin fragments can be released by shear soon 
after initiation of the DNA replication [5,6] This 
method is only suitable for systems with a highly 
synchronous start of DNA synthesis, e g macro-
plasmodia of Physarum In order lo use it for the 
isolation of ongin regions from mammalian cells, 
Russev and Vassilev cross-linked DNA by an in 
vivo treatment with trioxsalen [7] It is supposed 
that DNA synthesis stops at interstrand cross-links 
while the initiation of new rephcons continues It 
was found that in the treated cells DNA synthesis 
continued for several hours, although at a strongly 
reduced rate A considerable portion of the DNA 
synthesized after the tnoxsalen treatment could be 
released by alkaline denaturation or digestion with 
S, nuclease It consisted of small fragments whose 
length depended on the number of treatments 
This relationship supported their assumption that 
these fragments were synthesized as a result of 
semiconservative DNA replication between suc­
cessive cross-hnks The presence of middle repe­
titive sequences suggested that these DNA frag­
ments might be ennched in ongins of replication 
although there is so far no conclusive evidence in 
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support of such an assumption 
In the present communication we characterized 
the DNA synthesis in tnoxsalen-treated mam­
malian cells and extended the above-mentioned 
studies by using synchronized cultures Part of the 
newly synthesized DNA was a result of semicon-
servative replication A fraction of this DNA could 
be isolated under denaturing conditions or as a 
result of branch migration However, the results 
from experiments performed dunng different 
stages in the S phase were not consistent with the 
idea that these fragments are especially enriched 
in DNA replication origins 
Materials and Methods 
Cell culture and labelling of DNA 
Monolayer cultures of an established line of 
bovine liver cells [8] were grown in Carrel flasks in 
Eagle's minimal essential medium (Flow) supple­
mented with 10% calf serum, 2 mM glutamine and 
the antibiotics penicillin (500 units/ml) and 
streptomycin (0 05 mg/ml) The cellular DNA 
was randomly prelabelled with 0 02 (iCi/ml [2-
"•qthymidine ([2-uC]dThd, 52 8 mCi/mmol, 
NEN) for at least 36 h (one generation time) 
Whenever cells were synchronized by a double 
blockade with 2 mM thymidine, labelling was 
performed dunng the interval between thymidine 
blocks [4] 
Tnoxsalen treatment 
The method of treatment for these monolayer 
cultures was essentially as descnbed by Anachkova 
el al [9] The growth medium was replaced with 5 
ml physiological phosphate buffer containing 10 
μg/ml (45 μΜ) 4,5',8 tnmethylpsoralen (tnoxsa­
len, 0 5 mg/ml in 96% ethanol), pre-warmed to 
37 е С Cells were kept in the dark for 2 mm and 
subsequently irradiated at room temperature with 
a high pressure mercury lamp (Philips, 90 W) at a 
distance of 10 cm for 2 nun Light below 280 nm 
was efficiently filtered out by the wall of the 
culture flask Under these conditions the exposure 
rate was approximately 2 102 J/s m2 The pro­
cedure was repeated two or four tunes while each 
time fresh tnoxsalen-containing buffer was used 
At the end of the treatment cells were supplied 
with normal growth medium and newly synthe­
sized DNA was labelled by adding 10 (iCi/ml 
[Mé^HJdThd (20 Ci/mmol, NEN) 
Preparation and sedimentation analysis of nuclear 
DNA 
Label incorporation was terminated by nnsing 
the cells bnefly with ice-cold Tnton-Tns (0 1% 
Triton X-100/5 mM Tns-HCl buffer pH 8 0) 
Cells in each Carrel flask were shaken off the glass 
surface with 5 ml Tnton-Tns and forced two times 
through a hypodermic needle with a diameter of 
0 8 mm The homogenate was made up to a volume 
of 20 ml by addition of Tnton-Tns and nuclei 
were collected by centnfugation for 5 mm at 450 
x g They were thoroughly washed in 5 mM Tns-
buffer (pH 8 0) and finally dissolved in 0 2 ml 
0 5% SDS Proteinase К (Sigma) was added al a 
final concentration of 100 Mg/ml and samples 
were incubated for 16 h al 37° С Subsequently the 
lysales were prepared for neutral or alkaline 
sucrose gradient analysis by increasing the volumes 
to 4 ml with either 50 mM Tns-HCl (pH 8 0)/10 
mM EDTA or 0 1 M NaOH/10 mM EDTA In 
the latter case denaturation of the DNA was al­
lowed to proceed for at least 1 h Samples were 
layered on 5-20% neutral or alkaline sucrose 
gradients, prepared on 65% sucrose cushions They 
were centnfuged in a Beekman 27-2 rotor for 17 h 
at 25 000 rpm and 20°C Gradients were 
fractionated starting from the bottom of the tubes 
Processing and determination of radioactivities 
was performed as descnbed elsewhere [10] 
CsCl density gradient centnfugation 
Selected fractions of the alkaline sucrose gradi­
ents were combined and neutralized Calf thymus 
DNA was added to a final concentration of 10 
/ig/ml and total DNA was precipitated by the 
addition of 0 1 vol 3 M sodium acetate (pH 5 6) 
and 2 vol 96% ethanol After storage overnight at 
- 2 0 o C the precipitates were collected by centn­
fugation, washed once with 70% ethanol and fi­
nally dissolved in 50 mM Tns buffer Each sample 
was made 4 50 g, and 5 63 g CsCl was added 
Centnfugation was performed in a Beekman 50 Τι 
rotor for 70 h at 40000 rpm and 4 0 C After 
fractionation the absorbance at 260 nm was mea­
sured and radioactivities were determined as men­
tioned above 
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DNA digestion on matnx-DNA complexes 
Nuclear lysates in 2 M NaCI were prepared as 
described elselwhere [11] and incubated with vari­
ous concentrations of DNAase I (Sigma, electro-
phorelically pure) in the presence of 7.5 mM 
MgCl2 for 30 min at 37'
>C. Enzyme treatments 
were terminated by the addition of EDTA up to a 
final concentration of 10 mM. Subsequently ma­
trix-bound DNA and released DNA were sep­
arated by centnfugation for 30 min at 4000 x g 
and both sediment and supernatant fractions were 
processed for radioactivity measurement. 
Results 
Bovine liver cells that were up to four times 
incubated with tnoxsalen and irradiated with ul­
traviolet light between 280 and 380 nm showed no 
morphological changes 1 h after this treatment as 
judged by phase-contrast light microscopy. In ad­
dition, a staining with Lissamme green at this time 
revealed that only about 2% of the cells did not 
survive a four-times-repeated treatment. However, 
several hours later a strong rounding of the cells 
and detachment from the culture flasks were 
clearly observable. 
Even after four tnoxsalen treatments the cells 
retained their ability to incorporate [:,H]thymidine 
although at a rate that was on an average about 
5% of that in untreated cells during the first hour. 
Slightly higher incorporation rates were observed 
when trioxsalen concentrations below 45 μ M were 
applied. Addition of tnoxsalen without irradiation 
had DO effect on the rate of thymidine incorpora­
tion, which is in agreement with the observations 
made by Kaye el al. [12]. Analyses of the newly 
synthesized DNA on alkaline sucrose gradients 
revealed that 80%-85% of the 3H-label incorpo­
rated during the 1 h penod following a double 
trioxsalen treatment was present in high molecular 
weight DNA (> 15 S), while the rest appeared in a 
low molecular weight DNA fraction that con­
tained about 2% of the prelabellcd parental DNA 
(Fig. IB). The sedimentation rate of the low 
molecular weight fraction was slightly dependent 
on the intensity of treatment, since peak values 
were 5 and 2 S when cells had undergone two 
(Fig. IB) and four (Fig. 1С) treatments, respec­
tively. More precise analyses of the lengths of 
these DNA fragments were performed on horizon­
tal agarose gels after denaturation of the DNA 
with glyoxal and dimethyl sulphoxide [13]. Their 
lengths varied between 300 and 1000 nucleotides 
(not shown). In agreement with observations made 
by others [7,14], the relative incorporation of 
thymidine in the treated cells decreased with the 
time of incubation (Table I). This decreasing in­
corporation as a result of a psoralen treatment is 
supposed to be due to the blocking of the progres­
sion of replication forks [7] and not to an inacliva-
i 10 IS 20 
FRACTION NUMBER 
Fig. 1. Size distnbution of DNA synthesized after tnoxsalen treatment, in ceils, prelabelled with [14C]dThd and treated 0 (A), 2 (B) 
and 4 (C) times with tnoxsalen, newly synthesized DNA was labelled for 1 h with [3H]dThd Nuclei were isolated, dissolved in SOS 
and the label distnbution in the nuclear DNA was analysed in alkaline sucrose gradienls Sedimentation direction in these and other 
gradient patterns is from nght to left. Total dpm per gradienl were. A 3 H, 6188500 dpm, l 4 C , 26000 dpm Β. 'H, 504400 dpm, , 4 C , 
36760 dpm С 'H, 69130 dpm, U C , 9300 dpm 
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TABLE I 
CHANGE OF IN VIVO THYMIDINE INCORPORATION INTO DNA AFTFR TREATMFNT WITH TRIOXSALEN 
Prelabelled cells that were treated twice with tnoxsalen were incubated for vanous times in growth medium containing [3H]dThd 
Subsequently nuclear DNA was isolated and analysed as in Fig 1 
Duration of 
labelling 
(h) 
0 25 
15 
3 0 
u C d p m 
total DNA 
51600 
70500 
63700 
3 Hdpm 
total DNA 
37800 
218400 
254100 
rel ' H / ^ C 
total DNA 
1 0 
4 2 
5 4 
% 3 H i n 
mol we: 
D N A ' 
27 
18 
14 
low 
Ighl 
S M C in low 
mol weight 
D N A ' 
1 0 
15 
1 0 
" Percentage [ 3 H] or [ " Q D N A in Tractions 11-18 of the sucrose gradients as shown in Fig IB 
Hon or a decline in synthesis of essential enzymes 
[14,15] In an expenment in which newly synthe­
sized DNA was labelled during a 1 h penod 
starting 1 h after tnoxsalen treatment, the relative 
amounts of 'H-labelled low molecular weight 
DNA were on an average only 7 5%, against the 
usual 15-20% when labelling was performed im-
ediately after the treatment This is consistent with 
the finding that the proportion of ^-label in the 
low molecular weight fraction decreases with the 
duration of incorporation after the treatment (Ί a-
ble I) The opposite should be expected if ini­
tiation continues while chain growth is blocked A 
possible explanation of the results is that initiation 
of origins also declines after the treatment, while 
the less affected incorporation into the high 
molecular weight DNA is due in part to repair 
synthesis Evidence in favour of this supposition 
came from studies on the DNA replication in 
psoralen-treated mouse [16] and human [17] cell 
cultures 
DNA repair synthesis in response to psoralen 
photoadducls has been observed in human WI-38 
fibroblasts [12] and the protozoan Tetrahymena 
thermophila [18], both treated with 8-methoxy-
psoralen In human lymphocytes treated with 
either 8-methoxypsoralen or tnoxsalen it could 
not be clearly demonstrated [19] In order to in­
vestigate repair synthesis in our cultures, cells 
were synchronized by using a double thymidine 
block, and tnoxsalen treatment was performed 
during G, phase As a result of this the incorpora­
tion of [5H]thymidine was about 1 5-tiines higher 
than in untreated G, control cultures that were 
contaminated with only a few percent of S phase 
cells (not shown) This observation suggests that 
thymidine incorporation in our tnoxsalen-treated 
cell cultures is to some extent due to repair 
synthesis To obtain more evidence about this we 
investigated the position of the sites of thymidine 
incorporation with respect to the nuclear matrix 
Asynchronous cultures were treated twice with 
tnoxsalen and pulse-labelled for 20 mm Subse­
quently nuclei were isolated and lysates, prepared 
in 2 M NaCl [11], were incubated with varying 
concentrations of DNAase I After separation by 
centnfugation it was found that the residual ma-
tnx-bound DNA fraction was ennched in newly 
synthesized DNA (Fig 2) However, the ennch-
ment was less strong than that in an untreated 
control culture that was also pulse-labelled for 20 
mm If the -"H-incorporation in the tnoxsalen 
treated cells were completely due to semiconserva-
tive replication, the lengths of the DNA stretches 
synthesized during the 20 mm pulse penod would 
be comparable to those synthesized during a 1 mm 
pulse in control cells, since the DNA synthesis 
rate was only 5% of that in the control culture As 
the DNA binding is close to the replication fork 
[20-22] this implies that the ennchment should be 
even stronger for the newly synthesized DNA in 
the tnoxsalen-treated cells than that observed in 
the control cells [21] 
Evidence of a partial incorporation of thymi­
dine into replicative DNA was observed by 
analyzing DNA synthesized after treatment in 
asynchronous cultures in density gradients In 
these experiments the newly synthesized DNA 
was labelled both with [3H]thymidine and 50 /iM 
BrdUrd for 1 h After centnfugation of total DNA 
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Fig. 2 Association of DNA synthesized in tnoxsalen-treated 
ceUs with the nuclear matnx. Prelabelled cells were treated 0 
( x ) and 2 ( O , · and д) times with tnoxsalen and pulse-labelled 
with pHldThd for 20 mm. Isolated nuclei were lysed m 2 M 
NaCI and equal parts of each lysate were incubated for 30 mm 
at 3 7 0 C with vanous concentrations of DNAase I between 0 
and 32 units/ml. The samples were centnfuged for 30 nun at 
4000χ g and 4 ° C Percentages of , H and l 4 C dpm in both 
sediment and supernatant fractions were determined. The rela­
tive ratio of (he % 3Н dpm to % l4C dpm in the sedimented 
matriA-residual DNA complex in each fraction is plotted 
against the % of DNA that remains attached 
on an alkaline sucrose gradient selected fractions 
containing high or low molecular weight DNA 
were pooled and prepared for CsCl density gradi­
ent centrifugation. Fig. ЗА shows that the •'H-label 
incorporated in the high molecular weight DNA 
coincides almost exactly with the ,4C-prelabelled 
parental DNA and carrier DNA. However, it is 
not clear to what extent thymidine is incorporated 
in high molecular weight DNA as a result of 
repair synthesis or elongation of replicons ini­
tiated before Irioxsalen treatment. The latter DNA 
strands would be covalently linked by one of their 
ends to the high molecular weight parental DNA. 
In contrast with this, the pulse labelled low molec­
ular weight DNA was always clearly displaced in 
the direction of higher buoyant density while the 
small amount of I4C-prelabelled DNA coincided 
with the double-stranded carrier DNA (Fig. 3B). 
The shift of the low molecular weight 3H-labelled 
DNA towards higher buoyant densities demon­
strates that at least part of this DNA is newly 
replicated, which supports the assumption that 
DNA synthesis in trioxsalen-treated cells is a re­
sult of both repair synthesis and replication. 
According to Russev and Vassilev [7] the low 
molecular weight DNA fraction synthesized after 
irioxsalen treatment consists of fragments newly 
initiated between cross-links adjacent to origins of 
replication. Therefore, at the onset of S phase 
thymidine incorporation should occur exclusively 
into origin fragments, while at the end of the S 
phase no incorporation into origin fragments can 
be expected. We have investigated this possibility 
in cells synchronized by a double thymidine block. 
Psoralen treatments were performed 6 or 7 h after 
release from the second block, which is the time 
when most cells are at the end of the S phase, and 
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Fig. 3. Characterization of the newly synthesized DNA by 
buoyant density analysis DNA synthesized during a 1 h period 
in a cell culture that was treated twice with tnoxsalen was 
analysed in an alkaline sucrose gradient as in Fig. IB The high 
molecular weight DNA (A) From fractions 1-5 and the low 
molecular weight DNA (В) corresponding to fractions 13-17 
was analysed by CsCl gradient centrifugation Density increase 
is from right to left. 
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22 or 23 h after release from the block, when most 
cells enter the first free-running S phase [4] Al­
kaline gradient patterns presented in Fig 4 show 
that approx 6% of the newly synthesized DNA 
was released in experiments when cells were pre­
dominantly at the onset of the S phase (panel A), 
while 24% was released when most cells were at 
the end of the S phase (panel B) The corre­
sponding amounts in neutral gradients were 2 5 
and 8%, respectively (panel С and D) This is in 
contrast with what was to be expected and means 
that at least a large proportion of the released 
newly synthesized fragments must originate from 
a source other than origins of replication In re­
peated expenments 5% and 7% of the incorpo­
rated 3H-label were found to be released under 
denaturing conditions in expenments with cell 
FRACTION NUMBER 
Fig 4 Sedimentation patterns of DNA synthesized in cells 
treated with tnoxsalen at different stages during the S phase 
Synchronized cell cultures were treated twice with tnoxsalen at 
the beginning (A and C) or near the end (B and D) of the S 
phase After a 2 h growth penod m the presence of [ ,H|dThd 
nuclear DNA was isolated and centnfuged ш alkalme (A and 
B) or neutral (C and D) sucrose gradients Total dpm per 
gradient were A 3 H, 103850 dpm, " C , 3750 dpm В ЭН, 
85000 dpm, 1 4 C , 8100 dpm С 3 H, 40590 dpm, 1 4 C. 2800 
dpm D 'H, 58800 dpm, 1 4 C, 3250 dpm 
populations predominantly entering S phase and 
22% and 27% with cell populations leaving the S 
phase In addition, it was found that in experi­
ments performed during mid-S phase up to 35% of 
the incorporated label was released under these 
circumstances Analyses again showed that these 
DNA fragments were of the same lengths as those 
released from asynchronous cells, on an average 
about 500 nucleotides 
Discussion 
The method of in vivo cross-linking of DNA by 
psoralens has been successfully used in studies of 
chromatin structure [23,24] The reaction involves 
the covalent interaction of photoactivated psora­
len molecules with pynmidmes, resulting in a mix­
ture of monoadducts and cross-links [25] Re­
cently, Russev and Vassilev made use of this treat­
ment in an effort to isolate DNA fragments con­
taining putative replication origins [7] They as­
sumed that in psoralen-treated cells the DNA 
chain elongation is blocked by interstrand 
cross-links while the initiation of new replicons at 
ongin sites may continue to a significant extent 
In agreement with this idea they obtained an 
increased amount of short DNA fragments, 
synthesized after treatment with the drug, by al­
kaline denaturation or S, nuclease digestion of the 
isolated DNA 
Our data support their finding that in tnoxsa-
len-treated cells part of the thymidine is incorpo­
rated into short DNA fragments that are 
synthesized as a result of seimconservative repli­
cation However, the simple conclusion that the 
DNA released, after synthesis in tnoxsalen-trealed 
cells, by alkaline treatment consists essentially of 
replication origins has to be reconsidered in the 
light of the results obtained with synchromzed 
cells While the ratio of initiation to elongation 
should be high at the beginning and low towards 
the end of the S phase, the yield of DNA released 
in expenments performed with early S-phase cell 
populations is much lower than in those per­
formed with late S-phase populations This means 
that at least m late S-phase cells a substantial part 
of the newly synthesized DNA released under 
denaturing conditions is not denved from repli­
cation origins 
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We would like to consider two other possibili-
ties leading to replication products in psòralen-
treated cells which are released under denaturing 
conditions. One is based on the observation that 
psoralen treatment also results in the formation of 
monoadducts [25,26]. Recently it has been shown 
that treatment with psoralens that form only 
monoadducts also gives rise to newly replicated 
fragments released by alkaline denaturation [17]. 
These fragments need not be ongin-specific re-
gions, since interruption of the polymerization of 
Okazaki fragments by monoadducts will also oc-
cur in the strands growing in the direction oppo-
site to the fork movement (Fig. 5). 
In view of evidence for pre-fork initiation of 
Okazaki fragments [27-30] one must also take 
into account that the polymerization of DNA 
fragments newly initiated ahead of the replication 
forks and growing in the same direction might be 
interrupted by cross-links and monoadducts. Such 
fragments would also not become covalenlly bound 
to the high molecular weight cross-linked DNA 
(Fig. 5). 
A third possibility is suggested by a report of 
an initiation between active replication forks as a 
result of treatment with psoralen [14]. It is not 
known whether this is due to activation of un-
scheduled origins or to an initiation of replication 
at nonspecific sites. 
The extent to which the various types of frag-
ments contribute to the total amount released 
during denaturing conditions is difficult to esti-
mate but it might be disturbingly large. 
Finally we would like to emphasize another 
potential source of contamination by aspecific 
DNA fragments which may be even more serious. 
It can be inferred from the 14C distribution in the 
sucrose gradients that the low molecular weight 
fraction contains about 1-2% of the bulk of DNA. 
Similar results have been reported by others [7]. 
Taking into account that the generation time of 
the cells is 36 h it can be calculated that less than 
3% of the cellular DNA is replicated during a 1 h 
period in an asynchronous culture. Given an aver-
age replicón length of about 50-100 kilobases in 
mammalian cells [1,31], origin-containing frag-
ments of 500 nucleotide length account for about 
0.75% of this amount, which means that even at 
an unchanged rate of initiation of repbcons after 
A —ь ^ - ^ Л . 
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Fig. 5. Diagram illustrating the occurrence of alkab-releasable 
DNA fragments in the replication forks of psoralen-treated 
cells A shows monoadducts ( · ) and interstrand cross-links (I) 
caused by psoralen treatment at a replication fork and pre-fork 
loop. Subsequent polymerization is blocked at the modified 
sues and covalent linkage to preceding strands is prevented 
(В). С represents the fragments released under denatunng 
conditions The dashed line marks the DNA parts synthesized 
after psoralen treatment. 
the drug treatment the amount of origin-contain­
ing fragments would be about 0.02% of the total 
DNA. Thus putative origin DNA isolated from 
the slowly sedimenting peak will, even under the 
most favourable conditions, be contaminated by 
several-fold the amount of random DNA frag­
ments. This has to be taken into account when the 
isolated fractions are used for studies on proper­
ties of replication origins. 
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chapter 8 
GENERAL DISCUSSION 

A major question that intrigues cell biologists for many 
years already concerns the manner by which a cell controls the 
duplication of its huge lengths of DNA so that during the 
subsequent cell division each daughter cell receives an exact copy 
of the genetic information A model that ensures the essential 
untangling and separation of the daughter DNA molecules during 
replication has been proposed by Dingman [1]. It is based on the 
assumption that the DNA is bound by the origins of replicons and 
the replication forks to a supporting structure. 
In prokaryotes evidence has been presented for the involve­
ment of the bacterial membrane in the structural DNA organization 
[2,3]. It therefore seemed obvious that in eukaryotic cells the 
nuclear envelope might play a similar role. However, autoradiogra­
phic studies on the distribution of pulse labelled DNA regions in 
thin sections of nuclei revealed that active sites for DNA repli­
cation were not confined to peripheric nuclear regions but rather 
located throughout the interior space [4-7]. This pointed to the 
possible structural involvement in the process of DNA replication 
of a fibrous network structure that was primarily composed of 
proteins and named "nuclear matrix" [Θ]. This supposition gained 
credibility when it was demonstrated in several studies (reviewed 
in [9] and partly in the "Introduction") that the most recenti/ 
replicated DNA is preferentially associated with the nuclear 
matrix by the presence of binding sites in the replication fork 
regions. With regard to the position of these binding sites it was 
found that they are located behind but close to the branch points 
[10,11] and that the binding lasts only temporarily [12,13], du­
ring duplication of a replicón. 
Since not only replicating but total DNA appeared to be bound 
to this nuclear matrix structure [14], permanent attachment sites 
had to exist. In view of Dingman's model they were supposed to 
represent replication origins. In support of this assumption it 
was shown in cells of various organisms that the lengths of DNA 
loops between successive attachment points to the nuclear matrix 
were similar to average lengths of replicons [15,16]. More 
conclusive evidence on the binding of replication origins was 
obtained from analyses with nucleolytic enzymes on the position 
of origin regions, labelled at the onset of the S phase, with res-
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pect to the nuclear matrix. These analyses showed that origin DNA 
regions that were labelled at the onset of the S phase in Physarum 
remained preferentially associated with the nuclear matrix during 
the subsequent G2 phase and even during the S phase of the follo­
wing cell cycle [12,13]. In mammalian cells origins of early re­
produced rep 1icons were shown to be attached to the matrix in the 
Gl phase ([17] and chapter 3) The results of these studies that 
suggest a permanent attachment of these origin regions to the 
nuclear matrix were recently confirmed by autoradiographic studies 
on matrix-DNA halo structures, obtained by the successive treat­
ment of mammalian monolayer cells with a non-ionic detergent and a 
high salt concentration. It was shown that pulse label incorpora­
ted in short DNA regions during the early S phase remained in the 
matrix area after a chase ([18] and chapter 4), in contrast with 
label that was preferentially incorporated into replication forks 
during mid S phase which was found to have migrated into the DNA 
halo. Similar data were obtained with cultured Xenopus Ілв ія 
kidney cells [19]. Razin et al. [20] hybridized nascent origin 
region DNA, isolated by extrusion from replication eye loops of an 
erythroblast cell line, with nuclear matrix DNA from either 
erythroblasts or mature erythrocytes containing respectively about 
40 and 25 % of total chicken genomic sequences. It was found that 
both nuclear matrix fractions contained all origin DNA sequences 
present. This indicates that probably not only those origins of 
early reproduced rep 1 icons are permanently attached to the nuclear 
matrix but that this seems to be valid for all replication 
origins. Anchorage sites are probably primarily situated at 
internal matrix fibers and to a much lesser extent at peripheral 
lamina regions as was shown by electron microscopic analyses of 
cross-sections of nuclear matrices [21]. 
The functional significance of the DNA interaction with the 
nuclear matrix filaments in the process of DNA replication can be 
envisaged as follows In the Gl phase each internal matrix fila­
ment represents a backbone to which consecutive replicón origins 
of a chromatin fiber are anchored in close succession (fig. 1A). 
These origins might be associated with factors or enzymes involved 
in the initiation process that possibly form part of multi-enzyme 
DNA synthesizing complexes as they have been found in nuclei of 
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FIG. 1. Schematic picture showing the replication of a nuclear 
matrix attached DNA molecule 
A During Gl phase parental DNA strands (— ) are attached by 
sites ( · ) within consecutive origin regions to a nuclear matrix 
protein filament (represented as a flat support) The shaded areas 
represent replicational enzymes assembled in functional complexes. 
В Replication has started with the synthesis of complementary 
DNA ( ) in the unwound origin regions. Replication forks also be­
come attached (hollow cylinders). 
C. Parental DNA loops are reeled through the replication fork 
binding sites. 
D. Termination results in two fully untangled daughter molecu­
les. 
E. Replication fork attachment sites let loose in contrast with 
those in the origin regions. The nuclear matrix filaments dupli­
cate probably simultaneous with the replication of the attached 
DNA molecules. 
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Chinese hamster embryo fibroblasts [22,23]. Of interest in this 
respect is that part of the activity of replicational enzymes as 
DNA polymerase « [24] and topoisomerase I [25] have been found to 
be associated with the matrix. Topoisomerase II has been suggested 
to be also a structural protein of the interphase nuclear matrix 
[26] and the chromosomal scaffold [27]. Replication starts with 
the unfolding and duplication of the attached origin regions (fig. 
IB). Immediately afterwards replication forks become attached at 
positions in-between neighbouring origin binding sites. The repli­
cating DNA loops are subsequently pulled through these fork at­
tachment sites (fig. 1С). This probably facilitates the unwinding 
of the DNA double helix. For assuring complete unwinding of paren­
tal DNA loops it is essential that replication fork binding sites 
of neighbouring rep 1 icons are situated close together. After the 
duplication of a replicón has been completed (fig. ID) the termi-
nation sites are released from the matrix while the origins remain 
permanently anchored to it. Buongiorno-Nardelli and co-workers 
[16,19] have suggested, on the basis of a comparison of replicón 
lengths and nuclear DNA halo diameters, that termination sites 
also might remain permanently attached to the matrix. But this is 
in contrast with reports of other authors [15,28]. The putative 
structural involvement of the nuclear matrix filaments in the 
eukaryotic DNA replication, as outlined in the model in fig. 1, 
not only guarantees an ordered course of the process and a facili-
tated unwinding of parental DNA. It also provides for an untang-
ling of DNA daughter molecules, which is of importance for their 
correct separation during mitosis. 
It has been postulated recently that the nuclear matrix 
filaments are a form of decondensed chromosomal scaffold [21]. 
Such a relationship between both structures was based on: 1. the 
observation that the lengths of DNA loops between attachment sites 
to both nuclear matrix filaments [15,16] and chromosomal scaffolds 
[29] are of the order of the lengths of replicons; 2. the finding 
that replicón origins are not only attached to the nuclear matrix 
[13,14,18,19] but also to the mitotic chromosomal scaffold [17]; 
3. comparative analyses of the protein composition of nuclear ma-
trices and chromosomal scaffolds that showed that both structures 
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have at least two proteins in common [30,31]; 4. the observed 
gradual transformation of internal matrix filaments into chromo­
some scaffolds in ultrastructural studies on the mitosis of 
Phyaarura [32]; and 5. the fact that chromosome formation can be 
induced at any time during interphase by fusion with mitotic cells 
[33,34]. These data therefore suggest that nuclear DNA is probably 
permanently organized into loops that are bound by the origins of 
rep 1icons to a protein backbone. 
Since DNA daughter molecules remain in close association 
until the mitotic metaphase. each of them probably anchored to a 
separate protein scaffold within each chromatid, it seems reason­
able to assume that during the S phase the DNA replication process 
is accompanied by a duplication or division of the DNA supporting 
protein filaments (fig. IE). In support of such a view are the 
findings of premature chromosome condensation experiments that 
showed an increasing proportion of binemic chromosomes towards the 
end of S phase [35]. During interphase each protein filament seems 
to be attached to the lamina by its ends. This can be concluded 
from the peripheric nuclear localization of telomeric and centro­
meri с DNA regions from chromosomes of Allium copa that were 
specifically labelled at the end of S phase [36]. It is further 
supported by the finding that high frequency interactions between 
chromosomal loci and the nuclear envelope in Drosophila salivary 
gland nuclei almost exclusively occur at heterochromatinic regi­
ons, in centromeres and telomeres [37]. 
The molecular basis for the transformation of these internal 
matrix protein filaments into chromosomal scaffolds is completely 
unknown. In higher eukaryotes the nuclear envelope degrades during 
the mitotic prophase and the subsequent disassembly of the lamina 
[3Θ-40] leads to the disconnection of the intranuclear protein 
filaments In lower eukaryotes that divide by a closed mitosis the 
internal filaments separate from the lamina during prophase [32]. 
The subsequent solenoidal arrangement of the protein filaments 
[41] is possibly realized through intramolecular interactions 
between individual polypeptides that result from protein modifica­
tion. However, peptide mapping and two-dimensional gel electropho-
retic analyses have given no indications for modification of the 
two probably major components of the protein filaments, polypepti-
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des of 47 and 53 kilodaltons molecular weight [31]. This might 
suggest that one or more of the proteins that are characteristic 
for the chromosomal scaffold [30] might be involved in the folding 
up of the filaments. Ionic interactions by high salt soluble chro-
mosomal proteins might also play a role since chromosome lengths 
increase during treatment with 2 M NaCl. Daughter chromatids in 
condensed metaphase chromosomes that are aligned in the middle of 
the nuclear region are subsequently separated by the action of the 
spindle fibers. During their gradual decondensation in telophase 
specific sites probably become unmasked that can function as 
centres for the reassembly of the lamina [40]. These sites may be 
the same as those by which interphase filaments are attached to 
the lamina. 
For ensuring the stability of the genomic information it is 
important that each of the numerous rep 1icons within nuclei of 
proliferating cells replicates only once every cell cycle. Until 
now knowledge on the mechanism by which this is controlled is 
still completely lacking. From cell fusion experiments it is known 
that the possibility for induction of DNA replication is blocked 
during G2 phase [42]. This means that origins once replicated are 
prevented from further response to cytoplasmic factors. Possibly 
this results from a conformational change of the replicated origin 
regions themselves. In the schematic presentation of the DNA re-
plication process in fig. 1 these putative conformational changes 
of origin regions that might be responsible for the blockade of 
their reinitiation are marked by the absence of attachment sites 
in the newly synthesized strands to the matrix. The block is fi-
nally reversed during telophase [43]. The complete lack of experi-
mental data on this subject adds to the great need for thorough 
studies on the interaction of origin DNA regions with the nuclear 
matrix filaments. 
A question often asked is; are eukaryotic DNA regions that 
function as origins of rep 1icons characterized by the presence of 
domains of specific nucleotide sequences? It is tempting to answer 
this question in the affirmative since so-called "ARS-elements" 
that can confer the ability of autonomous replication on transfoi— 
ming DNA molecules in yeast have been found to contain an ll-base-
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pair consensus sequence that is essential for the ARS function 
[44]. However, it has not been demonstrated yet that these ARS 
elements function as replication origins in the yeast chromosome. 
At the same time DNA sequences from higher organisms that functio­
ned as an ARS in yeast always failed to initiate DNA replication 
in the cells of the organism from which they were derived [45-47]. 
However whether some degree of sequence specificity in eukaryotic 
origin regions might be expected or not it seems unlikely that all 
replication origins are the same, since it has been found that the 
number of active origins can differ at different developmental 
stages of an organism; in Drosophila [48] and Xsnopus 149) this 
number is considerably higher in embryonic cells than in more 
slowly dividing tissue culture cells. Also growth conditions have 
been proposed to affect the number of rep 1icons within a cell 
[50] . 
Recent studies have revealed several approaches for the 
isolation of eukaryotic origin regions. One is based on the obser­
vation that origin containing DNA fragments can be released from 
replication eye loops by gentle shearing. This method has been 
shown to be most suitable for highly synchronous growing cellular 
systems such as macroplasmodia of Phyaarum [51] but has also been 
applied for the isolation of origin containing DNA fractions from 
SV40 [52] or mammalian cells [20]. Another approach might be based 
on the permanent attachment of origins of replicons to the nuclear 
matrix. They can be isolated from their supporting filaments after 
the bulk of the DNA has been removed by nucleolytic digestion. We 
recently applied this approach on Gl phase bovine cell cultures 
and cloned the matrix attached DNA fragments in М1Э. Preliminary 
sequence analyses of about 15 recombinants did not reveal any 
significant homology between them. Only a few of the recombinants 
contained sequences that were homologous with the consensus se­
quence for ARS's in yeast (not shown). These data therefore sug­
gest that specific sequences might not be a prerequisite for 
initiation of eukaryotic DNA replication. This supposition is 
supported by the observed specific hybridization of origin DNA 
with single-copy DNA fragments within the chicken oc-globin gene 
domain that contained permanent attachment sites to the nuclear 
matrix [20]. It is furthermore in line with the apparent lack of 
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sequence specificity for initiation of DNA replication in Xenopus 
eggs [46]. Consequently, structural interactions, e.g. with the 
nuclear matrix, might be determining on whether a DNA region can 
function as a start site for eukaryotic chromosomal DNA replica­
tion. 
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SUMMARY / SAMENVATTING 

SUMMARY 
Although the exploration of the eukaryotic genome, especially 
in the field of gene expression, has taken a high flight the last 
decade, our knowledge of its reproduction is still limited. Unlike 
the chromosome in bacterial cells, that forms only a single repli-
cón, the eukaryotic genome consists of a number of chromosomes, 
each of which contain multiple starting sites for DNA replication 
located in the centre of just as many replicons. This renders it a 
considerably more serious problem for a eukaryotic cell to coordi-
nate the duplication of its genetic material and to make sure that 
each of its daughter cells gets an exact copy of it. The investi-
gations described in this thesis are devoted to this problem. 
When membrane deprived interphase nuclei or isolated mitotic 
chromosomes are treated with a high salt concentration, usually 2M 
NaCl, the DNA molecules appear to be bound to supporting structu-
res primarily consisting of proteins. These structures were called 
"nuclear matrix" and "chromosomal scaffold", respectively (chapter 
1). Analyses of the protein composition of both structures are 
presented in the second chapter. It was found that, although most 
polypeptides appeared to be characteristic for either one or the 
other structure, some proteins with the same electrophoretic mobi-
lity were present in both. This partial similarity in protein com-
position formed a basis for supposing a structural relationship 
between both in 2 M NaCl insoluble skeletal structures.
 д 
Both during interphase and mitosis eukaryotic DNA molecules. 
packed in chromatin fibers, appear to be organized into loops that 
are attached at their bases to either the nuclear matrix or the 
chromosomal scaffold. Since average loop lengths were found to be 
close to the lengths of replicons it was investigated in chapter 3 
and 4 whether starting sites (origins) of DNA replication might 
be situated in or close to the binding sites. For this purpose the 
origins of early reproducing replicons were specifically labelled 
at the beginning of the S phase. During the subsequent Gl phase or 
mitotic phase nuclear matrix- or chromosomal scaffold-DNA comple­
xes were isolated and the release of the DNA was studied by graded 
digestion with DNase I. Residual DNA bound to the skeletal struc­
tures was consistently found to be enriched in labelled origin 
109 
DNA. This points to a close association of these origin regions 
with the interphase nuclear matrix and the mitotic chromosomal 
scaffold. The data concerning the matrix attachment of replication 
origins were confirmed by those of an autoradiographic analysis of 
the position of origins in so-called "matrix-DNA halo" structures 
that were obtained by the successive treatment of monolayer cells 
with a non-ionic detergent and 2 M NaCl In these structures the 
halo results from unfolded DNA loops and can be observed in the 
fluorescence microscope after ethidium bromide staining. Label 
incorporated into origin sites could be localized in the nuclear 
matrix regions only. This matrix association of origins seemed to 
be permanent whereas non-origin DNA only then becomes associated 
with the nuclear matrix when it is "reeled" through attachment 
sites in the fork regions. These data therefore strongly suggest a 
structural involvement of the nuclear matrix in the DNA replica-
tion process. At the same time the apparently permanent binding of 
replication origins to a protein skeleton (either the nuclear ma-
trix during interphase or the chromosomal scaffold during mitosis) 
gives rise to the hypothesis that at the borders between inter-
phase and mitosis part of either structure is transformed into 
(part of) the other without interruption of the DNA attachment. 
A possibly specific DNA-protein interaction at the matrix at-
tached origin sites may be involved in the recognition by factors 
involved in the initiation process of DNA replication. In order to 
be able to circumvent the limitations of in vivo studies on the 
identification of these factors, we started the characterization 
of DNA replication in cells permeabi1ized with Triton X-100 (chap-
ter 5). In this m vitro system the initiation, elongation and li-
gation of Okazaki fragments continued for at least 1 h although at 
a rapidly decreasing rate. At the same time it was found that 
several features of the involvement of the nuclear matrix in DNA 
replication were conserved. Evidence for in vitro initiation of 
new replicons was obtained from experiments in which DNA replica-
tion was induced in permeable Gl phase cells by diffusible fac-
tors, probably partly proteins, from permeable S phase cells 
(chapter 6). The dinucleotide Ap«A (diadenosine tetraphosphate) 
may be involved in this process as an essential co-factor. 
Since the nature of the origins is still completely unknown, 
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a potential approach for their isolation has been studied in chap­
ter 7. It is based on the in vivo cross-linking of cellular DNA 
with 4,5',8-trimethylpsoralen, which is supposed to stop the pro­
gression of replication forks while the initiation of new repli-
cons can continue. As a result relatively short newly synthesized 
DNA fragments containing origins of replication can be isolated 
by alkaline denaturation of the cellular DNA. However, from the 
relative quantities of these DNA fragments obtained from cells 
treated at different times during the S phase it had to be conclu­
ded that the isolated fractions were contaminated by considerable 
portions of non-origin DNA. Consequently, the DNA fractions iso­
lated by this method appeared to be unsuited for specific studies 
on replication origins. A probably more promising approach there­
fore might be one that is based on the permanent attachment of 
replication origins to the nuclear matrix. Matrix-bound DNA frag­
ments that are enriched in origin regions can be isolated from the 
nuclear matrix after removal of the bulk DNA by nucleolytic di­
gestion. 
Finally, in chapter θ a model is presented showing the puta­
tive involvement of the nuclear matrix in the spatial organization 
of the eukaryotic DNA replication. The presumed permanent attach­
ment of the DNA molecules by their consecutive replication origins 
to internal matrix fibers provides a cell with an efficient 
mechanism for the untangling of its duplicated DNA molecules and 
their subsequent distribution over the daughter cells. 
Ill 

SAMENVATTING 
Ofschoon onderzoek aan het eukaryotische genoom, vooral op 
het gebied van de genexpressie, de afgelopen tien jaar een hoge 
vlucht heeft genomen, is onze kennis met betrekking tot de repro-
duktie ervan nog steeds beperkt. In tegenstelling tot het chromo-
soom in bacterie-cellen dat slechts één enkel replicón vormt, is 
het eukaryotische genoom samengesteld uit meerdere chromosomen die 
elk een groot aantal startplaatsen voor DNA replicatie bezitten, 
gelegen in het centrum van evenveel rep 1icons. Dit maakt het aan-
zienlijk ingewikkelder voor een eukaryotische cel om de verdubbe-
ling van zijn genetische informatie te coördineren en er voor te 
zorgen dat beide dochtercellen een exacte kopie ervan ontvangen. 
Het onderzoek dat in dit proefschrift wordt beschreven, is gewijd 
aan deze problematiek. 
Wanneer interiase-kernen die van hun membraan zijn ontdaan, 
of geïsoleerde mitotische chromosomen worden behandeld met een 
oplossing met hoge zoutconcentratie, meestal 2 M NaCl, blijkt dat 
de DNA-moleculen gebonden zijn aan zout-resistente resterende 
structuren Deze zijn voornamelijk opgebouwd uit eiwitten en wor-
den respectievelijk kernmatrix en chromosoom-"scaffold" genoemd 
(hoofdstuk 1). Analyses van de eiwitsamenstelling van beide struc-
turen zijn weergegeven in het tweede hoofdstuk. Ofschoon de meeste 
eiwitten typerend bleken te zijn voor, ofwel de kernmatrix of de 
chromosoom-"scaffold", konden er in beide structuren enkele eiwit-
ten met dezelfde electroforetische mobiliteit worden aangetoond. 
Deze gedeeltelijke overeenkomst in eiwitsamenstelling versterkt 
het vermoeden van een verwantschap tussen beide, in 2 M NaCl onop-
losbare, skeletstructuren. 
Zowel tijdens de interfase als tijdens de mitose blijkt het 
eukaryotische DNA, verpakt in chromâtine-draden, georganiseerd te 
zijn in lussen die zijn aangehecht aan, hetzij de kernmatrix het-
zij de chromosoom-"scaffold". Aangezien bekend was dat de gemid-
delde lengte van deze lussen ongeveer gelijk is aan die van repli-
cons is er onderzocht of dié plaatsen waar de DNA-replicatie start 
("origins" van replicatie) mogelijk in of nabij deze bindings-
plaatsen gelegen zijn (hoofdstukken 3 en 4). Hiertoe werden "ori-
gins" van replicons die tijdens het begin van de S fase actief 
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waren radioactief gemerkt. In de daaropvolgende Gl fase of mitoti-
sche fase werden kernmatrix- of chromosoom-"scaffold"-DNA-com-
plexen geïsoleerd en geïncubeerd met toenemende concentraties 
DNase I. Telkens bleek het resterende aan de skeletstructuren ge-
bonden DNA verrijkt te zijn aan radioactief gemerkt "origin" DNA. 
Dit duidt derhalve op een nauwe associatie van deze "origin" ge-
bieden met de kernmatrix tijdens de interfase en met de chromo-
soom-"scaff old" tijdens de mitose. De gegevens met betrekking 
tot de aanhechting van deze startpunten van replicatie aan de 
kernmatrix konden worden bevestigd door de resultaten van autora-
diografische analyses. Hier werd de positie van "origins" bepaald 
in zogenaamde matrix-DNA halo-structuren die werden verkregen 
door, als "monolayer" groeiende, zoogdiercellen te behandelen met 
achtereenvolgens een niet-iomsch detergens en 2 M NaCl. De halo, 
die in deze structuren het resultaat is van ontvouwen DNA-lussen, 
is zichtbaar in de fluorescentiemicroscoop na kleuring met ethi-
dium-bromide. De in "origins" ingebouwde radioactiviteit kon uit-
sluitend worden gelokaliseerd in de centrale matrix regio. De 
matrix-associatie van "origins" leek blijvend te zijn terwijl 
"non-origin" DNA slechts dan geassocieerd is met de kernmatrix 
wanneer het tijdens de replicatie wordt getransporteerd door bin-
dingsplaatsen in de nabijheid van replicatievorken Deze gegevens 
doen daarom het sterke vermoeden ontstaan dat de kernmatrix een 
structurele rol speelt in het DNA-replicatieproces. De blijkbaar 
permanente binding van startpunten van replicatie aan een eiwit-
skelet, of dit nu de kernmatrix is tijdens de interfase of de 
chromosoom-"scaffold" tijdens de mitose, geeft tevens aanleiding 
tot de gedachte dat tijdens de overgangen tussen interfase en mi-
tose mogelijk een deel van de ene structuur wordt getransformeerd 
in (een deel van) de andere, zonder dat de DNA-aanhechting hierbij 
tijdelijk wordt verstoord. 
Een mogelijk specifieke DNA-eiwitinteractie in de gebieden 
van de matnx-gebonden "origins" zou wel eens een rol kunnen spe-
len in de herkenning door factoren die betrokken zijn bij de start 
van de DNA-replicatie. Aangezien in vivo studies beperkt zijn voor 
wat betreft de identificatie van deze factoren, zijn we gestart 
met de karakterisatie van de DNA-replicatie in met Triton X-100 
permeabel gemaakte cellen (hoofdstuk 5). In dit systeem gingen de 
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initiatie, elongatie en ligatie van zogenaamde "Okazaki-fragmen-
ten" gedurende tenminste 1 uur door, ofschoon met een sterk afne-
mende snelheid. Tevens kon er worden aangetoond dat een aantal 
kenmerken van de betrokkenheid van de kernmatrix bij de DNA-repli-
catie behouden waren gebleven. Aanwijzingen voor een in vitro ini-
tiatie van nieuwe replicons werden verkregen in experimenten waar 
de DNA-replicatie in permeabele Gl fase-cellen geïnduceerd bleek 
te worden door gediffundeerde factoren, waarschijnlijk deels ei-
witten, afkomstig van permeabele S fase-cellen (hoofdstuk 6). Het 
dinucleotide Ap*A (diadenosine tetrafosfaat) speelt in dit proces 
mogelijk een rol als essentiële co-factor. 
Aangezien de aard van de "origins" nog steeds volledig onbe-
kend is, is in hoofdstuk 7 een mogelijke methode bestudeerd voor 
de isolatie ervan. Deze is gebaseerd op het in vivo aanbrengen van 
covalente bindingen tussen complementaire DNA-strengen met behulp 
van 4,5',8-trimethylpsoralen, waardoor de groei van de replicatie-
vorken verondersteld wordt te stoppen, terwijl de initiatie van 
nieuwe replicons doorgang kan vinden. Hierdoor kunnen er na alka-
lische denaturatie van het cellulaire DNA relatief korte, nieuw 
gesynthetiseerde DNA-fragmenten worden geïsoleerd, die verrijkt 
zouden moeten zijn aan replicatie "origins". Echter op basis van 
de relatieve hoeveelheden van deze DNA-fragmenten die werden ver-
kregen uit cellen die tijdens verschillende periodes van de S fase 
waren behandeld, moest er geconcludeerd worden dat de geïsoleerde 
fracties aanzienlijk gecontamineerd waren met niet-"origin" DNA. 
Dit betekende derhalve dat het via deze methode verkregen DNA niet 
geschikt is voor studies naar de structuur van replicatie "ori-
gins". Een alternatieve methode zou gebaseerd kunnen zijn op de 
permanente aanhechting van deze startpunten van replicatie aan de 
kernmatrix. Matrix-gebonden DNA-fragmenten die verrijkt zijn aan 
"origins" zouden losgemaakt kunnen worden van de kernmatrix na 
verwijdering van het lus-DNA met behulp van DNA-afbrekende enzy-
men. 
In hoofdstuk θ tenslotte is een model gepresenteerd dat laat 
zien welke rol er mogelijk is weggelegd voor de kernmatrix in de 
ruimtelijke organisatie van de DNA-replicatie. Door de waarschijn­
lijk permanente aanhechting van DNA-moleculen via opeenvolgende 
replicatie "origins" aan interne matrix-fibri1len, wordt een cel 
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voorzien van een efficiënt mechanisme voor de ontwarring van gedu-
pliceerde DNA moleculen en hun daaropvolgende verdeling over de 
dochterkernen. 
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STELLINGEN 
1 
De specifieke aanhechting van replicerend DNA aan de kernmatrix, via zowel 
replicatievorken als "origins", garandeert een efficiënte ontwarring van de 
dochtermoleculen. 
Dit proefschrift. 
2 
Het feit dat Todorova en Russev geen verrijking hebben kunnen aantonen van 
matrix-gebonden DNA met "origins" van replicatie, kan waarschijnlijk worden 
toegeschreven aan het gebruik van een niet zuivere "probe". 
Todorova, M. and Russev, G. (1984) Biochim. Biophys. Acta 783, 36-41. 
Dit proefschrift, hoofdstuk 7. 
3 
De kwaliteit van de experimenten van Djondjurov et al. rechtvaardigt niet 
de conclusie dat replicatiepunten geen associatie hebben met de kernmatrix. 
Djondjurov, L., Ivanova, E., Markov, D., Bardarov, S. and Sachsenmaier, 
W. (1986) Exp. Cell Res. 164, 79-96. 
4 
Bij het bepalen van het molecuulgewicht van dermataansulfaat is door Uldbjerg 
en medewerkers ten onrechte gebruik gemaakt van chromatografische waarden 
uit de literatuur voor chondroltinesulfaat. 
Uldbjerg, N., Malmstrom, Α., Ekman, G., Sheehan, J., Ulmsten, U. and 
Wmgerup, L. (1983) Biochem. J. 209, 497-503. 
5 
De analyse van gist CDC (Cell Division Cycle)-genproducten is als methode 
voor identificatie van "cell cycle control"-factoren aspecifiek. 
Aves, S.J., Durkacz, B.W., Carr, A. and Nurse, P. (1985) EHBO J. 4, 
457-463. 
"The Molecular Biology of the Yeast Saccharomyces", Cold Spring Harbor, 
vol 1, 1981. 
6 
Bij de inductie van een chronische, immunologische arthritis in de muis kan 
de lading van het antigeen een belangrijke rol spelen. 
Van Lent, P.L.E.M., Van den Berg, W.B., Van den Broek, M.F. and Van de 
Putte, L.B.Α. (1986) Agents and Actions 19, 326-327. 
7 
Een bepaalde categorie van kinderen die verwekt zijn via in-vitro-fertilisatie 
loopt het risico al op jonge leeftijd geconfronteerd te worden met ernstige 
financiële problemen, als blijkt dat tijdens de traditionele moeder- en vader-
dagen niet alleen de sociale ouders maar ook de genetische ouders en de draag-
moeder in de bloemetjes gezet wensen te worden. 
β 
Een opmerking als van de secretaris van de Noordbrabantse Bond van Bijenhouders, 
dat in het voorlichtingsspotje van de overheid over AIDS i.p.v. voor de onge­
slachtelijke bij beter voor een ander insekt gekozen had kunnen worden, roept 
twijfel op over de effectiviteit van een speelse vorm van informatieverstrek­
king. 
9 
Het fanatisme waarmee winkeliers in sommige steden in het Nederlands-Duits 
grensgebied trachten eikaars klanten naar zich toe te trekken, kan uiteindelijk 
tot gevolg hebben dat mensen die slechts hun moedertaal spreken, genoodzaakt 
zijn hun inkopen over de grens te doen. 
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